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ABSTRACT 
 
 
 
 
A study was conducted to investigate the degree of accuracy of creep and 
shrinkage prediction models developed in other countries applied to Malaysian 
concrete.  Currently, creep and shrinkage strains for Malaysian concrete are predicted 
using foreign standard codes and prediction models developed in temperate countries.  
As creep and shrinkage are influenced by many factors including the constituent 
materials, temperature and relative humidity of the environment, it is therefore 
essential to study the appropriateness of using these models for Malaysian concrete.  
In this study, the test results obtained from concrete specimens having characteristic 
compressive strength of 20, 30 and 40N/mm2, respectively and loaded at 7 days and 
28 days were compared with Eurocode 2 (EC2), ACI 209 model (developed by 
American Concrete Institute), CEB-FIP 90 model (developed by Euro-International 
Concrete Committee and International Federation for Prestressing), B3 model 
( developed by Z. P. Bazant and S. Baweja), GL2000 model (developed by N. J. 
Gardner and M. J. Lockman ) and Australian Standard code model (AS3600).  From 
the study, AS3600 code model and B3 model were found giving the best prediction 
for creep and shrinkage, respectively. However, CEB-FIP 90 model was preferred 
than AS3600 code model as AS3600 code model predicts creep by interpreting graph, 
thus the accuracy of the predicted values are questionable. Modification factors were 
proposed to CEB-FIP 90 model and B3 model for predicting creep and shrinkage 
strains of Malaysian normal strength concrete. 
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CHAPTER 1 
 
 
 
 
INTRODUCTION 
 
 
 
 
1.1 Introduction 
 
 
Concrete is a commonly used construction material for Malaysia construction 
industry since centuries ago. One of the important behaviour of concrete is it 
undergoes volumetric changes throughout its service life.  These changes are a result 
of creep and shrinkage, which are time-dependent deformation of concrete.   
 
 
According toVincent, Townsend and Weyers (2004), creep is defined as the 
time-dependent deformation resulting from a sustained load.  Creep without moisture 
loss is referred as basic creep whereas with moisture loss is referred as drying creep.  
Therefore, total creep strain comprises of basic creep and drying creep.  Shrinkage 
deformation on the other hand is the time-dependent deformation that occurs in the 
absence of an applied load.  It is caused by loss of water due to evaporation, 
hydration of cement and carbonation. There are four types of shrinkage in a hardened 
concrete, which are plastic, autogeneous, drying and carbonation shrinkage.   Plastic 
shrinkage occurs due to moisture loss before the concrete has set.  Autogeneous 
shrinkage is a result of the hydration process.  Drying shrinkage occurs as surface 
water evaporates and internal water moves out in an attempt for hygral equilibrium.  
Carbonation shrinkage occurs with the carbonation of the hydrated cement products 
with carbon dioxide in the atmosphere. 
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Creep and shrinkage of concrete had been researched since the early decades 
of the last century to provide a good understanding of the effect of creep and 
shrinkage on concrete and the processes through their evolve.  Hatt of Purdue 
University, USA had published the first data on creep of reinforced concrete in the 
1907 Proceedings of the American Society for Testing Materials. He tested 200mm 
wide beams with an effective depth of 250mm, made of 1:2:4 concrete, loaded at 
third-points over a span of 2.4 to 3.6m.  The percentage of longitudinal 
reinforcement varied between 0.75 and 1.50.  The beams were loaded at the age of 
two months in an outdoor location.  Hatt found that the deflection of beams increased 
under sustained load as shown in Table 1.1.  The importance of Hatt’s results lies in 
the fact that concrete demonstrates a large non-elastic deformation under sustained 
load.  He also found that the instantaneous deflection approximately double after two 
months (Neville, 1983). 
 
 
Table 1.1  Deflection of beams (Neville, 1983) 
Initial stress in steel 
 
(MPa) 
Centre deflection 
immediately after loading 
(mm) 
Deflection after 47 days of 
sustained loading 
(mm) 
20.7 1.0 2.5 
55.2 2.5 4.3 
110.3 3.8 7.4 
204.8 5.1 9.4 
 
 
The structural significance induced by shrinkage was observed by White in 
1911.  He had published his paper to American Society for Testing Materials 
regarding the stresses developing due to shrinkage.  McMillan was another scientist 
who had carried out earliest studies in 1915 on time-dependent deformation of both 
loaded and non-loaded concrete.  The phenomenon of creep recovery was first 
discovered by Smith in 1917. He pointed out that creep undergoes recovery when the 
load was removed from the concrete structure.  The research of creep and shrinkage 
of concrete continues to be active and the literature on concrete creep and shrinkage 
has been growing at a rapid pace.  In 1967, the American Concrete Institute 
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published an Annotated Bibliography on Shrinkage and Creep in concrete.  this 
contains 487 items.  In 1972, a second volume of Annotated Bibliography containing 
271 references was published.   
 
 
From past research, it was found that creep and shrinkage have important 
effects on the behaviour of concrete structures.  They contribute to the increase in 
deflection and curvature of beams, cracking, loss of prestress in prestressing 
elements and redistribution of stresses in the structures. It was reported by Petersen 
and Watstein (1968) that, the losses in prestressing members due to creep and 
shrinkage may reach up to about 45% for concrete which is prestressesed at 60% of 
its compressive strength and cured in relative humidity of 50%.   The reduction in 
compressive stress induced by the prestressing force may lead to the formation of 
cracking in prestressing elements (Neville, 1970).  On the other hand, the shortening 
of vertical members due to creep and shrinkage in high rise building will induce 
redistribution of stress in structure. It is estimated by Park (2003) that, the maximum 
vertical shortening due to elastic, creep and shrinkage deformations is approximately 
3.6 inches for a seventy storeys building.  In addition, the maximum differential 
shortening between the exterior and the interior wall is approximately 1 inch.  Hence, 
it is critical for creep and shrinkage sensitive structures, such as prestressed 
members, high rise buildings and long span bridges to use a realistic creep and 
shrinkage prediction model for the analysis of its time dependent behaviour.  
Inaccurate prediction of creep and shrinkage can result in serviceability and 
durability problems through its service life.  
 
 
 
 
1.2 Problem Statement 
 
 
In practice, local engineers predict the creep and shrinkage strains by using 
standard codes or other available prediction models which were developed in 
temperate country.  These prediction models consist of Eurocode 2 (EC2), ACI 209 
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model (developed by American Concrete Institute), CEB-FIP 90 model (developed 
by Euro-International Concrete Committee and International Federation for 
Prestressing), B3 model (developed by Z. P. Bazant and S. Baweja), GL2000 model 
(developed by N. J. Gardner and M. J. Lockman ) and Australian Standard code 
model (AS3600).  These prediction models were derived by empirical approach, in 
which time functions were determined by curve fitting of test results.  It is well 
documented that creep and shrinkage are influenced by various factors such as 
constituent materials, temperature and relative humidity of environment.  Therefore, 
creep and shrinkage for Malaysian concrete is deemed to have different magnitude 
from the predicted values by those prediction models. However, local experimental 
works are scarcely available to study the effects of the influencing factors for 
Malaysian concrete.  In addition, the degree of difference in creep and shrinkage 
values by implementation of these models in tropical country and how critical is the 
problem is never significantly verified.  Hence, it is difficult for local design engineer 
to predict creep and shrinkage related behaviour such as deflection and prestress loss 
with confidence.  
 
 
 
 
1.3 Objectives of Study 
 
 
Based on the data obtained from experimental works carried out in Universiti 
Teknologi Malaysia for concrete grade 20, 30 and 40, a study was conducted to 
analyse the degree of accuracy of creep and shrinkage prediction models developed 
in other countries applied to Malaysian concrete.  The aim of this study is to provide 
Malaysian engineers with an accurate design value of creep and shrinkage to predict 
the magnitude of long-term deformation with confidence.  The objectives of this 
study are: 
 
1. To compare the predicted creep and shrinkage to the values obtained by 
experimental works based on local environment and material. 
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2. To verify the best creep and shrinkage prediction model for Malaysian 
concrete. 
3. To propose modification factor to the best prediction model to achieve a 
better accuracy of creep and shrinkage strains. 
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CHAPTER 2 
 
 
 
 
LITERATURE REVIEW 
 
 
 
 
2.1 Mechanism Of Creep  
 
 
Creep and shrinkage of concrete are complex phenomenon which is not yet 
understood completely.  Therefore, research in this area still continues actively until 
recently.  Based on past experimental findings on creep and shrinkage, it is believed 
that the origin of creep is in the microstructure of the cement paste binding the 
aggregate and the sand grains.  The basis of this binding agent is the cement gel, 
which is very homogeneous material with a colloidal character.  It contains 
chemically bonded water, colloidal water in the gel pores and free water in the 
capillaries and macropores.  Under the effect of a long-term stress in concrete, the 
water, which is not bonded chemically, is extruded from the gel micropores into the 
capillaries, from which it evaporates.  The extrusion of water is determined by the 
stress of concrete whereas the evaporation depends on the hygrometric conditions of 
the ambiance. The time-dependent deformation under sustained load due to loss of 
water is termed drying creep.  Hence, the magnitude of creep depends on the stress in 
concrete, concrete mix properties and degree of hydration of concrete.  It is also 
affected by the ambient conditions and temperature. 
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2.2 Mechanism Of shrinkage 
 
 
In addition to deformation caused by the applied stress, a volume change due 
to shrinkage is also important because shrinkage induces stress in the structure.  
Plastic shrinkage is the volumetric contraction when the cement paste in plastic.  It is 
caused by the loss of water by evaporation from the surface of concrete or suction by 
dry concrete below.  The contraction induces tensile stress in the surface layers 
because they are restrained by the non-shrinking inner concrete.  Concrete is weak in 
its plastic state.  Therefore, plastic cracking can occur at the surface of concrete.  
 
 
Autogeneous shrinkage occurs when the concrete begins to dry out even if no 
moisture is lost to the surroundings.  This can happen in concrete with a low water 
cement ratio (theoretically below 0.42) and is due to the internal consumption of 
water during hydration.  This phenomenon is known as self-desiccation and leads to 
autogeneous shrinkage.  Its value is very small, typically 50x10-6 to 100x10-6 
(Neville and Brooks, 1990).   
 
Drying shrinkage is caused by the withdrawal of water from hardened 
concrete stored in unsaturated air.  A typical concrete mixture contains more water 
than is needed for initial hydration.  This excess water is stored in the pores or void 
spaces in the concrete.  Drying shrinkage occurs when this excess water diffuses into 
the surrounding environment, resulting in a net volume loss.  
 
 
Carbonation shrinkage occurs due to the process of carbonation. Carbonation 
is a process in which carbon dioxide from the atmosphere diffuses through the 
porous concrete and neutralizes the alkalinity of concrete. Carbon dioxide (CO2) 
present in the atmosphere combines with moisture in the concrete to form carbonic 
acid (H2C03). The carbonic acid (H2C03) reacts with the calcium hydroxide 
(Ca(OH)2) in the cement paste to form calcium carbonate (CaCO3) and water. When 
the water produced by this process evaporates to the surrounding environment, 
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concrete will contract.  This contraction of concrete is known as carbonation 
shrinkage. 
 
 
 
 
2.3 Factors Affecting Creep  
 
 
Factors that influencing creep includes type are the properties of aggregate, 
water/cement ratio in the concrete mixture, curing condition of the specimen, relative 
humidity of the surrounding environment, stress/strength ratio of concrete, age of 
concrete at loading and the size of specimens.  These factors are further elaborated in 
the following. 
 
 
 
 
2.3.1 Aggregate 
 
 
The elastic modulus of aggregate has been shown to significantly affect the 
creep behaviour.  As the cement paste begins to creep, load is transferred to the 
aggregate in proportion to the aggregate stiffness.  If the aggregate is stiffer, lower 
stress will be applied to the cement paste, thereby reducing paste movement and 
creep (MacGregor, 1997). 
 
 
According to Neville (1983), Troxell was the first to study the effect of 
aggregate types on creep.  Figure 1 shows a summary of his results.  It was found 
that the creep of concrete made with sandstone aggregate is 2½ times greater than 
creep of concrete mix with limestone aggregate. 
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Figure 2.1  Creep of concrete made with different aggregates (Neville, 1983) 
 
 
Collins (2002) studied the effect of course aggregate size on creep behaviour.  
He found that mixtures with a maximum aggregate size of 1½ inches experienced 15 
per cent less creep after 90 days than those with a ¾ inches maximum size. 
 
 
 The aggregate-paste interface strongly affects the aggregate’s ability to resist 
creep.  Aggregates with rough surface resist creep much more effectively than those 
with smooth surface.  Mokhtarzadeh and French (1990) studied creep of mixture 
containing five different types of aggregate.  It was observed that the mixture 
containing round river gravel had much higher specific creep values than the other 
mixtures. 
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2.3.2 Water/Cement Ratio 
 
 
The water/cement ratio has a significant effect on the magnitude of creep.  
Lower water/cement ratio in the mix leads to higher concrete strength. Thus results 
in fewer pores in the mature cement, which increases the rigidity of the solid matrix 
and decrease deformation (Townsend, 2003).  The effect of water/cement ratio is 
shown in Figure 2.2.  The higher the value of water/cement ratio, the greater is the 
creep. 
 
 
 
Figure 2.2  Creep for different mixes of water/cement ratio (Neville, 1983) 
 
 
 
 
2.3.3 Curing Condition 
 
 
Curing method can substantially impact the creep behaviour of concrete.  
Steam curing is found to reduce creep by 30 to 50 per cent.  This reduction is due to 
accelerated hydration of the cement and the moisture loss that occurs when the 
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specimens are transferred to a drier, cooler environment (Huo, Al-Omaishi and 
Tadros, 2001). 
 
 
Khan, Cook and Mitchell examined the effects of air-dried curing and moist 
curing on creep of normal, medium and high strength concrete.  they found that 
higher creep strains occur in the air-dried specimens (Vincent, 2003) 
 
 
Mokhtarzadeh and French (1990) reported that, higher curing temperatures 
resulted in more creep.  They explained this phenomenon as higher temperature 
increases the porosity and internal cracking of concrete, thereby contribute to creep. 
 
 
 
 
2.3.4 Relative Humidity 
 
 
The environment surrounding a concrete specimen can greatly affect creep 
deformations.  Orchard (1973) reported that creep is higher at lower relative 
humidity.  Neville (1983) also noted that drying concrete creeps at a higher rate and 
achieves higher ultimate creep than concrete which remains wet. This is illustrated in 
Figure 2.3 for specimens cured at a relative humidity of 100 per cent and then loaded 
and exposed to different humidity.  It was found that at relative humidity of 50%, 
creep is two or three times greater than concrete at relative humidity of 100%. 
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Figure 2.3  Creep of concrete at different relative humidity (Neville, 1983) 
 
 
 
 
2.3.5 Strength/Stress Ratio 
 
 
Creep of concrete is highly sensitive to the magnitude of sustained stress 
applied (Tadros et al, 2002).  For instance, a specimen loaded to 80 per cent of its 
ultimate strength experiences creep about three times greater than similar specimen 
loaded to 40 per cent.  Microcracking at the aggregate-paste interface becomes more 
significant at higher stresses.  Delayed failure may occur at sustained stresses above 
75 per cent of the compressive strength (Bazant and Baweja, 1995).  Smadi, Slate 
and Nilson performed creep tests on high, medium and low strength concrete and 
investigated the response to sustained stress levels between 40 and 80 per cent.  They 
found that the creep strain was proportional to the stress level, up to a certain 
proportional limit.  The limit is about 65 per cent of ultimate for high strength 
concrete and 45 per cent of ultimate for normal strength concrete and low strength 
concrete.  These results imply that high strength concrete can be safely loaded to a 
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higher fraction of its ultimate strength and without experiencing excessive time-
dependent deformations (Townsend, 2003). 
 
 
 
 
2.3.6 Age of loading 
 
 
Another factor affecting creep is the concrete age when a sustained load is 
applied.  Specimens loaded after one day of curing typically have twice the specific 
creep of specimens loaded after 28 days.  It is due to the fact that if the concrete has 
not been given adequate time to cure, it will not have the stiffness needed to resist 
creep (Bazant and Baweja, 1995).  In particular, Khan, Cook and Mitchell observed 
that high strength concrete is much more sensitive to early-age loading than normal 
strength concrete (Townsend, 2003). 
 
 
 
 
2.3.7 Size of Specimen 
 
 
Tests had been done by Weil to investigate the influence of the size of the 
specimen on creep.  It was found that creep decreases with an increase in the size of 
the specimen.  This is due to the fact that, the drying process in a larger specimen is 
slower, thus reducing creep. However, the size effect becomes negligible when the 
specimen thickness exceeds about 0.9m (Neville, 1983).  The result for the tests is 
shown in Figure 2.4.  It can be observed that the effect of size on creep increases 
during the first 60 days under load but thereafter the difference in creep between 
specimens of different size is constant.  
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Figure 2.4  Creep of concrete at different size (Neville, 1983) 
 
 
 
 
2.4 Factors Affecting Shrinkage 
 
 
Factors which contribute to shrinkage include the properties of aggregate 
used in the mixture, water/cement ratio, curing condition, relative humidity of the 
surrounding environment and the size of specimen. 
 
 
 
 
2.4.1 Aggregate  
 
 
Smaller aggregates experience more uniform shrinkage.  The type of 
aggregate, rather than the aggregate size, has an enhanced effect on the concrete 
shrinkage.  Aggregate that shrinks considerably has a low rigidity compared to the 
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compressive stresses developed by the shrinkage of the cement paste.  These types of 
aggregates may also have a large water absorption value which will result in a 
concrete with higher shrinkage (Troxell, 1996). 
 
 
According to Orchard (1973), aggregate with a high modulus of elasticity 
would give a concrete with less shrinkage than an aggregate with a low modulus of 
elasticity. The values of drying shrinkage given by different aggregate types are 
shown in Table 2.1. 
 
 
Table 2.1  Drying shrinkage at different elastic modulus of aggregate (Orchard 1973) 
Aggregate type Elastic modulus
x106 psi 
Absorption % 
by volume 
Drying shrinkage at 
1 yr x 10-6
Basalt 13.63 3.3 300 
Rounded quartz 12.27 4.7 180 
Crushed quartz 3.37 6.6 330 
Marble 6.61 8.0 250 
Granite 6.18 5.5 290 
River gravel mixed 5.60 3.2 280 
Calcareous sandstone 2.80 9.7 1020 
Ferruginous sandstone 1.37 13.6 630 
 
 
Carlson had carried out study on the effect of aggregate size on shrinkage. 
Tests were carried out at constant water/cement ratio of 0.4 and mix proportions 
(cement to aggregate) of 1.1.  The shrinkage strains were measured at an age of 1 
year.  As a result, he found that the larger the aggregate size, the lesser the shrinkage 
is (Orchard, 1973).  The effect of the size of aggregate is shown in Table 2.2. 
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Table 2.2  Effect of aggregate size on shrinkage (Orchard 1973) 
Aggregate size Shrinkage per cent 
Neat cement paste 0.271 
No.48 to No.28 sieve 0.119 
No.28 to No.14 sieve 0.124 
No.14 to No.8 sieve 0.122 
No.8 to No.4 sieve 0.116 
No. 4 to 3/8 in sieve 0.094 
3/8 in to ¾ in sieve 0.069 
 
 
 
 
2.4.2 Water/Cement Ratio 
 
 
The water content has a large influence on the drying shrinkage of cement 
paste and concrete.  According to Smadi et al, (1987), lower water/cement ratio in 
concrete leads to a decrease in shrinkage.  Lower water content in the concrete 
improves the rigidity of the cement paste by resulting fewer pores in the mature 
cement, thus decreases the deformation in the concrete.  
 
 
Shrinkage can be reduced considerably by reducing the amount of mixing 
water.  It was estimated by Carlson that a 1 per cent increase in the amount of mixing 
water increased the shrinkage by 2 per cent (Orchard, 1973).   
 
 
For a given water/cement ratio, concrete of wet consistencies with high paste 
content, have a greater amount of shrinkage than a stiffer mixture.  For a given 
proportions of cement and aggregate, concrete of wet consistencies have a higher 
water/cement ratio, thus they have a greater amount of shrinkage than a stiffer 
mixture (Troxell, 1996). 
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2.4.3 Curing Condition 
 
 
According to Neville (1981), prolonged moist curing delays the advent of 
shrinkage.  He reported that as far as neat cement paste is concerned, the greater the 
quantity of hydrated cement, the smaller is the volume of unhydrated cement grains 
which restrain the shrinkage.  Thus, prolonged curing leads to greater shrinkage.  
However, the paste becomes stronger with age and is able to attain a larger fraction 
of its shrinkage tendency without cracking.  Neville also commented that the length 
of the curing period is not an important factor in shrinkage.  In contrast, Collins 
found that shrinkage deformation is inversely proportional to moist-curing time.  She 
observed that longer moist-curing times result in lower shrinkage deformation 
(Tadros et al., 2002). 
 
 
Heat-accelerated curing significantly reduces drying shrinkage.  Mark et al. 
observed that specimens subjected to heat accelerated curing had 75 per cent less 
shrinkage than specimens cured at standard temperature (ACI committee 214, 1977).  
Mokhtarzadeh and French varied the temperature of heat-accelerated curing, and 
found that specimens cured at 120 F had more drying shrinkage than specimens 
cured at 150 F, which confirms the trend that drying shrinkage decreases with 
increasing temperature (ACI Committee 209, 1990). 
 
 
 
 
2.4.4 Relative Humidity 
 
 
The relative humidity of the medium surrounding the concrete greatly affects 
the magnitude of shrinkage, as shown for in Figure 2.5.  It can be observed that 
shrinkage is lower at higher relative humidity. 
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Figure 2.5  Relation between shrinkage and time for concretes stored at different 
relative humidity  (Neville,1990) 
 
 
 
 
2.4.5 Size of Specimen 
 
 
The size of a concrete member also influences its shrinkage behaviour.  The 
effect of specimen size on shrinkage is shown in Table 2.3.  It is observed that 
shrinkage reduces as specimen size increases. According to Bazant and Baweja 
(1995), larger member takes much more time for shrinkage effects to reach its 
interior regions.  Thus, larger members have a lower rate and total magnitude of 
shrinkage. 
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Table 2.3  Effect of specimen size on shrinkage (Orchard 1973) 
Specimen size Relative shrinkage 
3” x 3” 1.33 
4” x 4” 1.00 
4” x 5” 0.90 
5” x 6” 0.73 
6” diameter cylinder 0.67 
 
 
 
 
2.5 Creep And shrinkage Prediction Models 
 
 
Four of the prediction models for creep and shrinkage are described in this 
section. The ACI 209 model is recommended by the American Concrete Institute. 
The CEB-FIP Mode Code 90 is used in Europe. Other models include the B3, which 
was developed by Bazant, and GL model, which was developed by Gardner. 
 
 
The models look at free shrinkage, creep strain, and elastic deformation. Free 
shrinkage is the combination of all shrinkage strains without an applied load. The 
creep strain is the combination of the basic and drying creep. The elastic deformation 
is the instantaneous recoverable deformation of a concrete specimen during the 
loading process. 
 
 
The various creep models relate the creep strain to the loading conditions by 
using creep coefficient, specific creep, or creep compliance. The creep coefficient is 
the ratio of creep strain at given time to the initial elastic strain. Specific creep is the 
creep strain per unit stress. The creep compliance is the ratio of creep strain plus 
elastic strain per unit stress. 
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The application of these prediction models are subjected to some limitations.  
The limitations were summarized by Vincent (2003) and it is presented in Table 2.4. 
 
 
Table 2.4  Limitation of Prediction Model (Vincent, 2003) 
 
 
 
 
 
2.5.1 ACI 209R-92 Model 
 
 
The ACI 209 model was developed by the American Concrete Institute and is 
used in the AASHTO LRFD method. The ACI 209 Model was created from data that 
included normal weight, sand lightweight, and lightweight concrete.  It also 
incorporating Type I (Normal Portland Cement), Type III cement (High early 
strength cement), moist and steam curing. It was found that there was no significant 
difference between different weight concretes for creep and shrinkage. The code 
notes that more consistent results were found by using the creep coefficient or the 
ratio of creep strain to initial strain. This was due to the initial stiffness of the 
concrete being accounted for. The code allows for the following variation to the 
standard conditions: concrete composition, age at loading, ambient relative humidity, 
size factor, and ambient temperature. The concrete composition correction factors 
apply to slump, fine aggregate percentage, cement content, and air content. Either the 
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average thickness method or the volume to surface ratio method can adjust the size 
factor. The volume to surface area ratio was used since it is more applicable to 
prestressed concrete beams. 
 
 
 
 
2.5.2 CEB-FIP 90 Model  
 
The CEB-FIP Model Code 90 is the European design code recommended by 
the Euro-International Concrete Committee and International Federation for 
Prestressing). This model was preceded by the CEB-FIP 1970 model and the CEB-
FIP 1978 model. The CEB-FIP 1970 model was a model that adjusted for mix 
properties and environmental conditions with multiplication factors from graphs. The 
CEB-FIP 1978 model was a summation model that had corrections factors that 
needed to be summed from graphs. The CEB-FIP 90 is a prediction model, which is 
designed to predict the mean time dependent deformation for normal weight, plane 
structural concrete. It only takes into account parameters that are generally known to 
the designer in the design stage. The CEB model has a coefficient of variation of 
20.4% and 32.9% for creep compliance and shrinkage respectively.  The following 
parameters are required to predict the creep coefficient: mean or design strength of 
the concrete, member dimensions, mean relative humidity of the ambient 
atmosphere, age at loading, and duration of loading. In addition to these parameters, 
the cement type is needed to predict shrinkage strain. 
 
 
 
 
2.5.3 B3 Model 
 
 
The B3 model is the creation of Z. P. Bazant and S. Baweja. Earlier versions 
of the model were the BP model in 1978 and the BP-KX model in 1991. The BP-KX 
has an expanded and a short form. The expanded form is for structures highly 
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sensitive to creep and shrinkage. The short form predicts creep compliance in a 
design code method. The B3 model is designed to meet the requirements of the 
RILEM TC 107 for a simpler model.  The B3 model can be applied to concretes 
outside of the limitations if the parameters are calibrated with tests. 
 
 
 
 
2.5.4 GL2000 Model 
 
 
N. J. Gardner and M. J. Lockman developed the GL2000 Model as a design 
office procedure to predict creep and shrinkage. Gardner and J. W. Zhao’s GZ Model 
from 1993 preceded this product model.  The predicted values can be improved by 
measuring the compressive strength and modulus of elasticity. This model uses the 
modulus of elasticity and compressive strength measurements to adjust for aggregate 
stiffness. Aggregate stiffness is a factor in elastic deformation, creep, and shrinkage. 
The GL2000 model uses the experimental modulus to have a compressive strength 
back calculated from it. This value is averaged with the compressive strength and an 
adjusted modulus is calculated. The creep coefficient prediction uses the time at 
loading, time at the beginning of shrinkage, volume to surface area ratio, and the 
ambient relative humidity. The model has a factor, Ф(tc), to adjust for moisture loss 
before loading. If the time of loading is equal to the time at the beginning of 
shrinkage, then Ф(tc) equals one. The specific creep is found by dividing the creep 
coefficient by the adjusted modulus of elasticity. The instantaneous elastic strain can 
be found by dividing the applied load by the modulus of elasticity at the time of 
loading. Shrinkage strain is predicted with correction factors for the effect of cement 
type on shrinkage, the effect of time on shrinkage using the volume to surface ratio, 
and humidity. The ultimate shrinkage strain is a function of the mean 28-day 
compressive strength. 
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2.6 Correction Factors For Creep Prediction Model 
 
The summary of the correction factors provided by the four prediction models 
and three code models in predicting creep coefficient is shown in Table 2.5 
 
 
Table 2.5  Correction factors for creep prediction model 
Parameter BS8110 EC2 ACI209
CEB-
FIP 90 B3 GL2000 AS3600 
relative 
humidity  √ √ √ √ √  
age at loading  √ √ √ √ √  
shape specimen   √  √   
size of specimen  √ √ √ √ √  
slump   √     
fine aggregate 
percentage   √     
air content   √     
curing method   √     
concrete 
strength  √  √ √   
type of cement  √ √ √    
water to cement 
ratio     √   
aggregate to 
cement ratio     √   
cement content     √   
temperature        
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2.7 Correction Factors for Shrinkage Prediction Models 
 
 
The summary of the correction factors provided by the four prediction models 
and three code models in predicting shrinkage strain is shown in Table 2.6. 
 
 
Table 2.6  Correction factors for shrinkage Prediction model 
Parameter BS8110 EC2 ACI209
CEB-
FIP 90 B3 GL2000 AS3600
relative humidity  √ √ √ √ √  
size of specimen  √ √ √ √ √  
shape of specimen   √  √   
slump   √     
fine aggregate 
percentage   √     
air content   √     
curing method     √   
concrete strength  √  √ √ √  
type of cement  √  √ √ √  
age of concrete  √ √ √ √ √  
water content     √   
temperature        
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CHAPTER 3 
 
 
 
 
METHODOLOGY 
 
 
 
 
3.1 Experimental Works 
 
 
This study is conducted based on the results of experimental work that had 
been carried out in the Materials and Structures Laboratory in Universiti Teknologi 
Malaysia by Omar, Tan and Roslina (2006).   
 
 
 
 
3.1.1 Materials 
 
 
The concrete tested in the experimental works consists of G20, G30 and G40.  
The mix proportions of these mixes are shown in Table 3.1.  The concrete specimens 
are cast using graded 20mm crushed granite as the coarse aggregate. 
 
Table 3.1  Materials and mix proportions (Omar, Tan and Roslina, 2006) 
Unit weight (kg/m3) Characteristic 
strength of concrete 
(N/mm2) w/c OPC
Coarse 
aggregate 
Fine 
aggregate Water
20 0.68 302 1085 818 205 
30 0.57 360 1052 793 205 
40 0.49 418 1036 750 205 
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3.1.2 Testing Condition 
 
 
The experimental work consists of concrete compressive strength test, elastic 
modulus, creep and shrinkage testing.  All the testing specimens were moist cured 
using wet burlap for a duration of 7 or 28 days, depending on the age of creep and 
shrinkage testing.  The compressive strength tests was conducted on both 150mm 
cubes and 150mm x 300mm Cylinders cast from the same batch of concrete, cured 
under the same conditions and tested at the same age for comparison purpose.  The 
test was carried out according to the ASTM C39-86 procedure.   
 
 
 Creep and shrinkage were tested on 100mm x 300mm cylinders and 100 x 
100 x 500mm prisms, respectively.  The creep test was carried out according to the 
standard method specified by ASTM C512-87 whereas shrinkage test was according 
to ASTM C157-92.  Both tests were carried out under controlled environment (27 ± 
2oC, RH 50 ± 4%).   
 
 
For each set of creep testing, a total of twelve specimens were cast with three 
specimens for elastic modulus, compressive strength and creep testing.  The 
remaining three specimens are kept unloaded as control.  The measurement of total 
deformation after loading was performed using a mechanical Demec gauge of 
200mm gauge length at four circumferential positions of the specimens.  The 
magnitude of creep is obtained when the strain of the control specimens and elastic 
deformation is subtracted from the total deformation.  The shrinkage was measured 
on partially embedded gauge studs fixed on the centre point of two ends to obtain the 
axial deformation of specimens (Omar, Tan and Roslina, 2006). 
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Table 3.2  Summary of test condition (Omar, Tan and Roslina, 2006) 
Testing 
 
Size of 
spec. 
Curing 
method 
Testing 
condition 
Age at 
Loading 
(days) 
 
fcu
 
(N/mm2) 
 
Stress/ 
strength 
ratio 
 
No of 
Spec. 
 
20 12 
30 12 7  
40 
0.4 
12 
20 12 
30 12 
Creep 
 
(ASTM 
C157-87) 
100mm 
dia. x 
300mm 
cylinder 
Moist 
cured 7 
and 28 
days 
Temperature 
27 ± 2oC 
 
RH 50 ± 4% 28 
 
40 
0.4 
12 
20 - 3 
30 - 3 7 
40 - 3 
20 - 3 
30 - 3 
Shrinkage 
 
(ASTM 
C157-92) 
100mm 
x100mm x 
500mm 
prism 
Moist 
cured 7 
and 28 
days 
Temperature 
27 ± 2oC 
 
RH 50 ± 4% 28 
40 - 3 
 
 
The results for the compressive strength and modulus of elasticity of concrete 
G20, G30 and G40 at 7 and 28 days are presented in Table 3.3. 
 
Table 3.3  Concrete compressive strength and modulus of elasticity (Omar, Tan and 
Roslina, 2006) 
Compressive strength (N/mm2) 
Cube Cylinder 
Characteristic 
strength of 
concrete (N/mm2) 7 days 28 days 7 days 28 days 
Elastic 
modulus 
(kN/mm2) 
Density 
(kg/m3)
20 23.39 25.56 18.69 22.44 27.43 2368 
30 31.53 36.21 29.33 31.33 30.68 2398 
40 34.39 40.62 28.8 35.48 31.39 2411 
 
 
 
 
3.2 Analysis Techniques 
 
 
There are basically three steps of analysis in order to attain a prediction 
model of creep and shrinkage for Malaysian concrete. The analysis techniques are 
drawn as followings. 
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3.2.1 Step 1: Comparison of Experimental and Predicted Strains  
 
 
The actual creep coefficients and shrinkage strains are compared to standard 
codes and prediction models to evaluate the degree of differences of using these 
prediction models on Malaysian concrete.  The comparison is done in two ways.  
Firstly, the actual and predicted coefficients/strains are plotted on the same graph to 
allow comparison graphically.  Secondly, the comparison is done by conducting 
Prediction Model Residuals analysis.  Residual is the difference between the model 
and experimental value.  It identifies that if a model overpredicts, it gives a positive 
value of mean residual.  On the other hand, if a model underpredicts, it gives a 
negative value of mean residual.  Therefore, it is a useful tool to identify whether a 
prediction model is conservative or unconservative. 
 
 
There are two code models and four prediction models that had been 
examined in this study.  They are Eurocode 2 (EC2), ACI 209 model (developed by 
American Concrete Institute), CEB-FIP 90 model (developed by Euro-International 
Concrete Committee and International Federation for Prestressing), B3 model 
(developed by Z. P. Bazant and S. Baweja), GL2000 model (developed by N. J. 
Gardner and M. J. Lockman) and Australian Standard code model (AS3600). 
 
 
 
 
3.2.2 Step 2: Prediction Model Ranking 
 
 
Residual Analysis can only used to identify if a model is overpredicting or 
underpredicting a value at a given time but does not identify the best prediction 
model.  Therefore, Residual Squared and Error Percentage method are used for 
analyzing experimental data to determine the best prediction model.  Average error 
percentage for the values is calculated, a smaller error percentage indicates a better 
fit model.  Residual Squared method is the summation of the residuals squared.  The 
 29
model with the smallest value indicates the best prediction model.  Combination of 
these two methods gives an overall ranking of the six prediction models. 
 
 
Error percentage is calculated as, 
 
Error percentage
ValuealExperiment
sidual
 
100*Re=  
 
 
Residuals Squared It is calculated as, 
Residuals squared ( )[ ]∑= j
i
i
2Re  
 
 
 
 
3.2.3 Step 3: Modification Of the Selected Prediction Model 
 
 
In step 3, a modification factor is developed and proposed to the selected 
model in order to predict creep and shrinkage more accurately.  It is expected that if 
the selected models are not modified, it will predict creep and shrinkage strains with 
a wide range of error although it appeared to be the best among the six models.  
Modification factor is developed by correlation method.  By this method, the 
predicted values are plotted against experimental values. The modification factor is 
taken as the slope of the straight line fitting the data points. 
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Data Obtained from 
experimental works 
Data analysis
1.  Material Testing 
- Sieve analysis 
- Specific gravity & absorption test 
- Moisture content test 
 
2.  Supplementary Test 
- Compressive strength 
- Elastic modulus   
 
3.  Creep and Shrinkage Test 
 
Model ranking
STEP 1 
STEP 2 
1. Creep coefficient Vs days after loading 
2. Creep strains Vs days after loading 
3 Shrinkage strains Vs days after loading 
STEP 3 
STEP 4 
Compare experimental data 
with standard codes and 
models Standard Codes and Models 
1. EC2 
2. ACI 209 
3. CEB-FIP 90 
4. B3 
5. GL2000 
6. AS3600 
Statistic analysis methods 
1. Error Percentage analysis 
2. Residuals squared analysis 
Modification of 
Models 
Modification method 
1. Correlation method 
STEP 5 
Analysis method 
1. Residuals analysis 
                                       Figure 3.1  Framework of study 
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CHAPTER 4 
 
 
 
 
ANALYSIS AND RESULTS  
 
 
 
 
4.1 Experimental Results 
 
 
4.1.1 Creep Strains 
 
 
Based on the experimental work, the creep strains, the control, creep and total 
strains of 100mmx300mm cylinder specimens for G20, G30 and G40 are presented 
in Figure 4.1 through 4.3.  The magnitude of creep is obtained when the strain of the 
control specimens and elastic deformation is subtracted from the total deformation. 
Each curve represents an average of three specimens.   
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Figure 4.1  Control, creep and total strains for specimens G20 
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Figure 4.2  Control, creep and total strains for specimens G30 
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Figure 4.3  Control, creep and total strains for specimens G40 
 
 
The creep strains are then expressed in term of creep coefficients for analysis 
purpose.  Creep coefficient equation is given by: 
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σ
εφ ccc xE=    ;       
 
Where,  cφ = Creep coefficient 
 = Modulus of elasticity of concrete cE
 cε  = Creep strain 
 σ  = Applied stress 
 
 
The magnitude of creep coefficients are presented in Figure 4.4 and 4.5.  It 
can be observed that the magnitude of creep coefficients decrease as the strength of 
concrete increases. 
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Figure 4.4  Creep coefficient for specimens loaded at 7 days 
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Figure 4.5  Creep coefficient for specimens loaded at 28 days 
 
 
 
 
4.1.2 Shrinkage Strains 
 
 
The shrinkage strains of 100 mm x 100 mm x 500 mm shrinkage prism for 
concrete G20, G30 and G40 are presented in Figure 4.6 and 4.7. 
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Figure 4.6  Experimental shrinkage strains for concrete at the age of 7 days 
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Figure 4.6 presents the shrinkage strains for concrete G20, G30 and G40 
which are loaded at 7 days.  It shows that concrete G20 has the highest shrinkage 
throughout the 180 days.  On the other hand, shrinkage for G30 and G40 has not 
significantly showed large differences in the first 80 days.  However, the rate of 
shrinkage for G30 has increased more rapidly than G40 after the 80th day and finally 
becomes higher than G40.  
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Figure 4.7  Experimental shrinkage strains for concrete at the age of 28 days 
 
 
Figure 4.7 presents the experimental shrinkage strains for concrete G20, G30 
and G40 which are loaded at 28 days.  Referring to Figure 4.7, concrete G30 shows 
the highest shrinkage in the first 100 days, followed by G20 and G40.  However, its 
rate of increasing reduces gradually and become lower than G20 after the 100th day.  
It can also be observed that G40 has the lowest shrinkage throughout the 180 days. 
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4.2 Analysis 
 
 
4.2.1 Comparison between Actual and Predicted Strains 
 
 
This section compares the experimental strains to the predicted values using 
six different models.  The comparisons are done by Prediction Model Residuals 
analysis.  The graph for creep coefficient and shrinkage is presented with the error 
bars representing 95 percent confident limits.  The 95 per cent confident limit 
represents the probability of 95 out of 100 population measurement falling within the 
specific range.  Residual is the difference between the model and experimental value.  
It identifies that if a model overpredicts, it gives a positive value of mean residual.  
On the other hand, if a model underpredicts, it gives a negative value of mean 
residual. 
 
 
The prediction models which are considered in this study are as followings: 
 
1) EC2 
2) ACI 209 
3) CEB-FIP 90 
4) B3 model  
5) GL2000  
6) AS3600 
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4.2.1.1 Comparison of Creep Coefficient 
 
 
Figure 4.8, 4.10, 4.12, 4.14, 4.16 and 4.18 present the experimental and 
predicted creep coefficient for different grade of concrete loaded at 7 or 28 days.  On 
the other hand, the prediction models residuals are presented in Figure 4.9, 4.11, 
4.13, 4.15, 4.17 and 4.19.   
 
 
Figure 4.8 and 4.9 present the values of creep coefficient and the prediction 
models residuals for concrete G20 loaded at 7 days.  AS3600 model is found having 
a better prediction where its predicted values are falling into the range of 95 per cent 
confidence of the experimental results from day 30 to 130.  It can also be observed in 
Figure 4.9 that AS3600 model residuals are very close to zero in the period of 30 to 
130 days, meaning that the error of predicted value is very small in those days.  EC2, 
CEB-FIP 90, ACI209 and GL2000 are all underpredicting the values whereas B3 
model is overpredicting the values. 
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Figure 4.8  Creep coefficients for specimen G20 loaded at 7 days 
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Figure 4.9  Creep coefficient residuals for specimen G20 loaded at 7 days 
 
 
 Figure 4.10 and 4.11 present the experimental and predicted values of creep 
coefficient and prediction models residuals for concrete G20 loaded at 28 days.  It 
can be seen from the figures that all prediction models are underpredicting the 
values. 
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Figure 4.10  Creep coefficients for specimen G20 loaded at 28 days 
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Figure 4.11  Creep coefficient residuals for specimen G20 loaded at 28 days 
 
 
 The experimental and predicted creep coefficients for concrete G30 loaded at 
7 days are presented in Figure 4.12 whereas the prediction models residuals are 
presented in Figure 4.13.  Referring to Figure 4.12, it shows that most of the 
prediction models give better prediction of creep coefficient for concrete G30 loaded 
at 7 days compared to concrete G20.  Nevertheless, B3 model shows far 
overpredicting the values.  The predicted values by EC2 and CEB-FIP 90 models are 
falling into the 95 per cent confidence range of the experimental values.  It is also 
shown in Figure 4.13 that the residuals for these two models are very close to zero 
throughout the 150 days.  Therefore, they are better prediction model to predict creep 
coefficient for concrete G30 loaded at 7 days.   
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Figure 4.12  Creep coefficients for specimen G30 loaded at 7 days 
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Figure 4.13  Creep coefficient residuals for specimen G30 loaded at 7 days 
 
 
Figure 4.14 and 4.15 show the creep coefficients and prediction models 
residuals for concrete G30 loaded at 28 days.  From both figures, it is found that the 
predicted values of AS3600 model are falling into the range of 95 per cent 
confidence of experimental values from the first days to day 110.  The residuals of 
AS3600 model also shows small values which is very close to zero throughout 120 
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days.  B3 model is found to be well predicting creep coefficient from day 10 to 60.  
GL2000 model is found to be overpredicting at the beginning and started to 
underpredict after day 100.  ACI209, EC2 and CEB-FIP 90 underpredict the values 
for the entire 120 days. 
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Figure 4.14  Creep coefficients for specimen G30 loaded at 28 days 
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Figure 4.15  Creep coefficient residuals for specimens G30 loaded at 28 days 
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Figure 4.16 presents the values of creep coefficient for concrete G40 loaded 
at 7 days whereas the prediction models residuals are presented in Figure 4.17.  With 
reference to Figure 4.16, AS3600 model has good prediction from day 30 to 180.  
However, its prediction is unconservative in the first 30 days.  other prediction 
models are overpredicting the values with B3 model having the most conservative 
prediction. 
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Figure 4.16  Creep coefficients for specimen G40 loaded at 7 days 
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Figure 4.17  creep coefficient residuals for specimen G40 loaded at 7 days 
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 For concrete G40 loaded at 28 days, the comparison of experimental and 
predicted creep coefficients are presented in Figure 4.18 whereas the prediction 
models residuals re presented in Figure 4.19.  From both figures, it is found that EC2 
and CEB-FIP 90 are having predicted values which are closer to the experimental 
values after day 100 whereas AS3600 model is having a better prediction after day 
130.  ACI209, B3 and GL2000 models are all found to be conservative throughout 
200 days. 
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Figure 4.18  Creep coefficients for specimen G40 loaded at 28 days 
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Figure 4.19  Creep coefficient residuals for specimen G40 loaded at 28 days 
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The creep coefficient mean residual for the prediction models are tabulated in 
Table 4.1 and Table 4.2 for concrete loaded at 7 and 28 days, respectively.  For 
concrete loaded at 7 days, it can be concluded that all models except B3 are 
underpredicting for G20 and G30 whereas all models are overpredicting for G40.  On 
the other hand, most of the models have creep coefficient underpredicted for concrete 
G20 and G30 but overpredicted for G40. 
 
 
Table 4.1  Creep coefficient mean residual for specimens loaded at 7 days 
age of loading = 7 days 
G20 G30 G40 Prediction Model 
mean remark mean remark mean remark 
EC2 -0.541 under predict -0.063 under predict 0.300 over predict 
ACI209 -1.095 under predict -0.323 under predict 0.358 over predict 
CEB-FIP 90 -0.522 under predict -0.047 under predict 0.315 over predict 
B3 0.554 over predict 0.805 over predict 1.308 over predict 
GL2000 -1.162 under predict -0.178 under predict 0.316 over predict 
AS3600 -0.206 under predict -0.292 under predict 0.026 over predict 
 
 
Table 4.2  Creep coefficient mean residual for specimens loaded at 28 days 
age of loading = 28 days 
G20 G30 G40 Prediction Model 
mean remark mean remark mean remark 
EC2 -1.475 under predict -0.347 under predict 0.085 over predict 
ACI209 -1.697 under predict -0.372 under predict 0.339 over predict 
CEB-FIP 90 -1.460 under predict -0.335 under predict 0.097 over predict 
B3 -0.627 under predict 0.145 over predict 0.742 over predict 
GL2000 -1.379 under predict 0.127 over predict 0.677 over predict 
AS3600 -0.796 under predict -0.093 under predict 0.677 over predict 
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4.2.1.2 Comparison of Shrinkage  
 
 
Figure 4.20 through 4.31 present the experimental and predicted shrinkage 
strains and the shrinkage residuals for prediction models.   
 
 
Figure 4.20 and 4.21 present the shrinkage strains and residuals for concrete 
G20 at the age of 7 days.  Referring to Figure 4.20 and 4.21, B3 model can predict 
well in the first 70 days where the predicted values are within the range of 95 per 
cent confidence of the experimental values.  However, the rate of increasing reduces 
gradually and finally displaces from the experimental values.  CEB-FIP 90 predicts 
well in the first 30 days but it is far underpredicting after day 30.  Shrinkage is 
overpredicted by ACI209 and GL2000 models throughout the 180 days.  EC2 and 
CEB-FIP 90 are overpredicting in the beginning but they gradually become 
unconservative after day 170. 
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Figure 4.20 Shrinkage for specimen G20 at age of 7 days 
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Figure 4.21 Shrinkage residuals for specimens G20 at age of 7 days 
 
 
 Figure 4.22 and 4.23 show the shrinkage strains and residuals for concrete 
G20 loaded at 28 days.  It can be observed that the experimental shrinkage trend is 
more similar to B3 model but very different from others.  B3 model can predict well 
in the first 110 days where the predicted values are within the limit of 95 per cent 
confidence of experimental shrinkage.  Nonetheless, the increasing rate of B3 model 
reduces gradually and the predicted values become much lower than the 
experimental values after day 110. 
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Figure 4.22  Shrinkage for specimen G20 at age of 28 days 
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Figure 4.23  Shrinkage residuals for specimens G20 at age of  28 days 
 
 
Figure 4.24 presents the experimental and predicted shrinkage strains for 
concrete G30 at the age of 7 days whereas the shrinkage residuals are presented in 
Figure 4.25.  The figures show that CEB-FIP 90 is overpredicting the strains whereas 
other five prediction models are overpredicting the strains. 
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Figure 4.24  Shrinkage for specimen G30 at age of 7 days 
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Figure 4.25  Shrinkage residuals for specimens G30 at age of 7 days 
 
 
 The shrinkage strains for concrete G30 at the age of 28 days are presented in 
Figure 4.26 and the prediction models residuals are presented in Figure 4.27.  From 
these two figures, it can be observed that a B3 model underpredicts the strains in the 
first 50 days but well predicting the strain thereafter.  It can also be observed that 
CEB-FIP 90 is underpredicting whereas other models are overpredicting. 
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Figure 4.26  Shrinkage for specimen G30 at age of 28 day 
 
 
 49
-250
-150
-50
50
150
250
0 50 100 150 200
Time (days)
R
es
id
ua
ls
G30 (28 days) EC2
G30 (28 days) ACI209
G30 (28 days) CEB-FIP 90
G30 ( 28 days) B3
G30 (28 days) GL2000
G30 (28 days) AS3600
 
Figure 4.27  Shrinkage residuals for specimens G30 at age of 28 days 
 
 
Figure 4.28 shows the shrinkage strains for concrete G40 at the age of 7 days.  
The shrinkage residuals are shown in Figure 4.29.  Both figures indicate that the 
values predicted by B3 models are closer to the experimental values.  CEB-FIP 90 is 
giving lower shrinkage strains whereas other four models give higher values. 
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Figure 4.28  Shrinkage for specimen G40 at age of 7 day 
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Figure 4.29  Shrinkage residuals for specimens G40 at age of 7 days 
 
 
 Figure 4.30 and 4.31 present the shrinkage strains and the residuals for 
concrete G40 at the age of 28 days.  It can be observed that the predictions models 
are conservative in predicting shrinkage strains except for CEB-FIP 90.  CEB-FIP 90 
gives a good prediction between days 20 to 130 where only 5 pre cent errors is 
found.  However, the model has shrinkage strain overpredicted in the first 20 days 
and underpredicted after day 130. 
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Figure 4.30  Shrinkage for specimen G40 at age of 28 day 
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Figure 4.31  Shrinkage residuals for specimens G28 at age of 28 days 
 
 
The shrinkage mean residuals for concrete at the age of 7 and 28 days are 
tabulated in Figure 4.3 and 4.4, respectively.  From Table 4.3, it is observed that 
EC2, ACI209, GL2000 and AS3600 models are overpredicting whereas CEB-FIP 90 
is underpredicting the shrinkage strains for all concrete grade at the age of 7 days.  on 
the other hand, B3 model is underpredicting the strains for G20 and G30 whereas 
overpredicting the strains for G40.   
 
 
Table 4.3  Shrinkage residual mean for specimens at concrete age of 7 days 
Curing period = 7 days 
G20 G30 G40 Prediction 
Model mean remark mean remark mean remark 
EC2 64 over predict 104 over predict 87 over predict 
ACI209 106 over predict 163 over predict 203 over predict 
CEB90 -104 under predict -40 under predict -53 under predict 
B3 -43 under predict 44 over predict 23 over predict 
GL2000 73 over predict 88 over predict 74 over predict 
AS3600 81 over predict 171 over predict 177 over predict 
 
 
From Table 4.4, it is found that EC2, ACI209, GL2000 and AS3600 models 
are again overpredicting whereas CEB-FIP 90 is underpredicting for concrete G20, 
G30 and G40 at the age of 28 days.  CEB-FIP 90 model appears to be the only model 
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which underpredicting for entire concrete grade.  B3 model underpredicts for 
concrete G20 whereas overpredicts for G30 and G40. 
 
 
Table 4.4  Shrinkage residual mean for specimens at concrete age of 28 days 
curing period = 28 days 
G20 G30 G40 Prediction 
Model mean remark mean remark mean remark 
EC2 89 over predict 47 over predict 132 over predict 
ACI209 130 over predict 93 over predict 224 over predict 
CEB90 -123 under predict -96 under predict -6 under predict 
B3 -18 under predict -22 under predict 69 over predict 
GL2000 97 over predict 25 over predict 120 over predict 
AS3600 105 over predict 110 over predict 222 over predict 
 
 
 
 
4.2.2 Ranking of Prediction Models 
 
 
This section presents the rankings of the six prediction models.  There are 
numerous methods of analyzing experimental data to determine the best prediction 
model.  The residuals squared and error percentage methods are considered here.  
The residuals squared methods put more weight on larger residuals while preventing 
residuals of opposite signs from negating each other.  The residuals squared method 
identifies the model with lowest value at a given time as the best predictor.  The 
residual squared is calculated as, 
Residual squared = ( )[ ]∑j
i
i
2Re  
 
 
An average error percentage for the data points is calculated; a smaller error 
percentage over the time period indicates a better fit model.  Error Percentage is 
calculated as follow: 
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                         Error Percentage = 
ValuealExperiment
sidual
⋅
100*Re  (at a given time) 
 
 
 
 
4.2.2.1 Ranking of Prediction Models for Creep  
 
 
Table 4.5 shows the error percentage of creep coefficient for concrete G20, 
G30 and G40 loaded at 7 and 28 days.  The ranking of prediction models based Error 
Percentage analysis is shown in Table 4.6.  On the other hand, Table 4.7 presents the 
values of residuals squared analysis; the models ranking based on the analysis is 
shown in Table 4.8.   
 
Referring to these tables, it is observed that two different analyses provide 
almost the same results.  Combination of the two analysis method gives the final 
result as shown in Table 4.9.  From Table 4.9, it can be concluded that AS3600 is the 
best model to predict creep coefficient for Malaysia concrete.  it followed by CEB-
FIP 90, EC2, GL2000, B3 and lastly ACI209. 
 
 
Table 4.5  Error Percentage of Creep coefficient  
7 days 28 days 
Prediction Model G20 G30 G40 G20 G30 G40 
EC2 14.63 2.51 12.91 38.04 14.49 9.20 
ACI209 30.47 13.40 16.81 44.23 17.02 19.24 
CEB-FIP 90 14.09 1.89 13.61 37.65 13.92 8.53 
B3 16.23 31.60 59.30 16.78 7.20 41.01 
GL2000 31.13 6.41 14.12 35.20 8.69 40.53 
AS3600 6.72 12.60 6.99 21.50 5.95 10.80 
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Table 4.6  Creep coefficient prediction model ranking by Error Percentage Analysis 
Prediction Model 7 days 28 days 
ranking G20 G30 G40 G20 G30 G40 
1 AS3600 CEB90 AS3600 B3 AS3600 CEB90 
2 CEB90 EC2 EC2 AS3600 B3 EC2 
3 EC2 GL2000 CEB90 GL2000 GL2000 AS3600 
4 B3 AS3600 GL2000 CEB90 CEB90 ACI209 
5 ACI209 ACI209 ACI209 EC2 EC2 GL2000 
6 GL2000 B3 B3 ACI209 ACI209 B3 
 
 
Table 4.7  Creep coefficient Residuals Squared Analysis 
 7 days 28 days 
Prediction Model G20 G30 G40 G20 G30 G40 
EC2 55.00 0.70 20.01 404.45 18.31 3.53 
ACI209 216.55 16.04 32.08 530.60 18.81 23.41 
CEB-FIP 90 51.38 0.44 21.75 396.56 17.21 3.91 
B3 54.50 99.59 327.43 72.16 3.10 110.15 
GL2000 257.24 6.78 18.98 361.07 4.31 90.48 
AS3600 13.56 14.62 5.08 119.01 2.11 8.26 
 
 
Table 4.8  Creep coefficient prediction model ranking by Residual Squared Analysis 
Prediction Model 7 days 28 days 
ranking G20 G30 G40 G20 G30 G40 
1 AS3600 CEB90 AS3600 B3 AS3600 EC2 
2 CEB90 EC2 GL2000 AS3600 B3 CEB90 
3 B3 GL2000 EC2 GL2000 GL2000 AS3600 
4 EC2 AS3600 CEB90 CEB90 CEB90 ACI209 
5 ACI209 ACI209 ACI209 EC2 EC2 GL2000 
6 GL2000 B3 B3 ACI209 ACI209 B3 
 
 
Table 4.9  Overall creep coefficient prediction models ranking 
Prediction Model 
EC2 ACI209 
CEB-
FIP90 B3 GL2000 AS3600 
age at 
loading 
concrete 
grade 
error 
(%) R2
error 
(%) R2
error 
(%) R2
error 
(%) R2
error 
(%) R2
error 
(%) R2
G20 3 4 5 5 2 2 4 3 6 6 1 1 
G30 2 2 5 5 1 1 6 6 3 3 4 4 
7 
da
ys
 
G40 2 3 5 1 4 3 6 6 2 4 1 5 
G20 5 5 6 6 4 4 1 1 3 3 2 2 
G30 5 5 6 6 4 4 2 2 3 3 1 1 
28
 d
ay
s 
G40 2 1 4 4 1 2 6 6 5 5 3 3 
  sum 39 58 32 49 46 28 
  ranking 3 6 2 5 4 1 
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4.2.2.2 Ranking of Prediction Model for Shrinkage  
 
 
The values error percentage of shrinkage for concrete G20, G30 and G40 are 
shown in Table 4.10.  The ranking of prediction model based on this analysis is 
shown in Table 4.11.  On the hand, the values calculated by Residual Squared 
analysis are summarized in Table 4.12.  Table 4.13 presents the ranking of prediction 
models based on this analysis method.   
 
The combination of these two analysis methods give a final ranking of 
prediction models which is shown in Table 4.14.  From Table 4.14, it is found that 
B3 is the best model to predict shrinkage strains for Malaysia concrete, followed by 
CEB-FIP 90, GL2000, EC2, ACI209 and AS3600. 
 
 
Table 4.10  Error Percentage of Shrinkage  
 7 days 28 days 
Prediction Model G20 G30 G40 G20 G30 G40 
EC2 25.25 41.01 32.80 35.75 17.11 72.51 
ACI209 29.97 58.09 67.61 40.17 30.50 99.90 
CEB90 23.79 13.51 18.62 29.77 29.93 17.64 
B3 9.67 15.32 8.87 8.27 8.30 39.50 
GL2000 24.29 33.12 27.32 35.98 8.46 66.66 
AS3600 28.30 64.77 64.38 40.20 34.59 113.44 
 
 
Table 4.11  Shrinkage prediction model ranking by Error Percentage Analysis 
 7 days 28 days 
Prediction Model G20 G30 G40 G20 G30 G40 
1 B3 CEB90 B3 B3 B3 CEB90 
2 CEB90 B3 CEB90 CEB90 GL2000 B3 
3 GL2000 GL2000 GL2000 EC2 EC2 GL2000 
4 EC EC2 EC2 EC2 CEB90 EC2 
5 AS3600 ACI209 AS3600 GL2000 ACI209 ACI209 
6 ACI209 AS3600 ACI209 AS3600 AS3600 AS3600 
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Table 4.12  Residuals Squared of Shrinkage  
 7 days 28 days 
Prediction Model G20 G30 G40 G20 G30 G40 
EC2 1334510 1766463 1364240 2082567 360673 3169515
ACI209 2257377 4564251 8165670 3336377 1421651 9730435
CEB90 2687334 323087 550832 3742993 1257322 97545 
B3 484328 328335 163674 244413 61969 938625 
GL2000 1116411 1204260 1011767 1907214 95025 2624226
AS3600 1600588 4581753 5711285 2483718 1604791 9003754
 
 
Table 4.13 Shrinkage prediction model ranking by Residuals Squared Analysis 
 7 days 28 days/ 
Prediction Model G20 G30 G40 G20 G30 G40 
1 B3 CEB90 B3 B3 B3 CEB90 
2 GL2000 B3 CEB90 GL2000 GL2000 B3 
3 EC2 GL2000 GL2000 EC2 EC2 GL2000 
4 AS3600 EC2 EC2 AS3600 CEB90 EC2 
5 ACI209 ACI209 AS3600 ACI209 ACI209 AS3600 
6 CEB90 AS3600 ACI209 CEB90 AS3600 ACI209 
 
 
Table 4.14  Overall shrinkage prediction models ranking 
Prediction Model Ranking 
EC2 ACI209 
CEB-
FIP90 B3 GL2000 AS3600 
age at 
loading 
concrete 
grade 
error 
(%) R2
error 
(%) R2
error 
(%) R2
error 
(%) R2
error 
(%) R2
error 
(%) R2
G20 4 3 6 5 2 6 1 1 3 2 5 4 
G30 4 4 5 5 1 1 2 2 3 3 6 6 
7 
da
ys
 
G40 4 4 6 6 2 2 1 1 3 3 5 5 
G20 3 3 4 5 2 6 1 1 5 2 6 4 
G30 3 3 5 5 4 4 1 1 2 2 6 6 
28
 d
ay
s 
G40 4 4 5 6 1 1 2 2 3 3 6 5 
 sum 43 63 32 16 34 64 
 ranking 4 5 2 1 3 6 
 
 
 
 
 
 
 
 
 57
4.2.3 Modification of Prediction Model 
 
 
From Error Percentage and Residual Squared analysis, AS3600 Model is 
found to be the best model for creep prediction whereas B3 model is the best for 
shrinkage prediction.  As AS3600 model does not provide correction factors in its 
equation and the predicted values are depending mainly on graph interpreting, CEB-
FIP 90 model is thus preferred. In order to obtain a more accurate creep strains using 
AS3600 and shrinkage strains using CEB-FIP 90 for Malaysian concrete, the models 
needed to be modified.  The modification factor is developed by correlation method.  
By this method, the predicted values are plotted against experimental values. The 
modification factor is taken as the slope of the straight line fitting the data 
points.This section shows how the modifications are done. 
 
 
 
 
4.2.3.1 Modification of Prediction Model for Creep  
 
 
 
Figure 4.32, 4.33 and 4.34 present the correlation of creep coefficient for 
CEB-FIP 90 model and the experimental values.  The slope of the straight line is 
suggested as the modification factor, which is summarized in Table 4.15. 
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Figure 4.32  Experimental and CEB-FIP 90 creep coefficient correlation for 
specimen G20 
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Figure 4.33  Experimental and CEB-FIP 90 creep coefficient correlation for 
specimen G30 
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Figure 4.34  Experimental and CEB-FIP 90 creep coefficient correlation for 
specimen G40 
 
 
 Table 4.15 provides the multiplication factor (α) for CEB-FIP 90 model in 
order to predict creep strains more accurately. 
 
 
Table 4.15  Multiplication factors for creep coefficient ,(α) 
Age of loading Concrete 
grade 7 days 28 days
G20 1.1677 1.5962 
G30 1.0179 1.1859 
G40 0.8691 0.9617 
 
 
Therefore, the final creep coefficient equation for the modified CEB-FIP 90 model 
is:  ( ) ( ) ( )ocoo tttt −= βφαφ **,  
 
Where, 
α  : Modification factor 
oφ  : Notional creep coefficient 
)( oc tt −β  : Coefficient describing creep development with time after loading 
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After the modification factor (α) is applied to CEB-FIP 90 model, the values 
of creep coefficient predicted by the modified model is again compared to the 
experimental values.  Figure 4.35 through 4.37 shows the comparison between the 
values.  The figures show that the predicted values are now very close to the 
experimental values, which most of their values are falling into the 95 per cent 
confidence of the experimental values. 
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Figure 4.35 Creep coefficients for experimental and Modified CEB-FIP 90 for 
specimen G20  
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Figure 4.36  Creep coefficients for experimental and Modified CEB-FIP 90 for 
specimen G30  
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Figure 4.37  Creep coefficients for experimental and Modified CEB-FIP 90 for 
specimen G40 
 
 
In order to evaluate whether the modified CEB-FIP 90 model is better than 
the original CEB-FIP 90 model, the Residual Squared and Error Percentage analysis 
are conducted.  The values of residual squared for modified and original model are 
presented in Figure 4.38 whereas the values of error percentage are shown in Figure 
4.39.  The analyses suggest that the lower the values, the better the model is.  As both 
figures show that the values of modified CEB-FIP 90 are lower than the original 
CEB-FIP 90 model, thus better.  In addition, it can also observed in Figure 4.40 that 
the range of error reduces significant when using the modified CEB-FIP 90 model to 
predict creep coefficient for Malaysian concrete. 
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Figure 4.38  Comparison of Residuals squared for CEB-FIP 90 and modified CEB-
FIP 
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Figure 4.39  Comparison of error percentage for CEB-FIP 90 and modified CEB-FIP 
90 
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Figure 4.40  Comparison of range of error for CEB-FIP 90 and modified CEB-FIP 90 
 
 
 
 
4.2.3.2 Modification of Prediction Model for Shrinkage 
 
 
Figure 4.41, 4.42 and 4.43 present the correlation of shrinkage strains after 
time of drying for B3 model and the experimental values.  The slope of the straight 
line is suggested as the modification factor, which is summarized in Table 4.16. 
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Figure 4.41  Experimental and B3 shrinkage relationship for specimen G20 
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Figure 4.42  Experimental and B3 shrinkage relationship for specimen G30 
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Figure 4.43  Experimental and B3 shrinkage relationship for specimen G40 
 
 
 Table 4.16 provides the multiplication factor (β) for B3 model in order to 
predict shrinkage strains more accurately. 
 
Table 4.16 Multiplication factor for shrinkage (β) 
Age of loading Concrete 
grade 7 days 28 days 
G20 1.1368 1.0709 
G30 0.8607 1.0618 
G40 0.9171 0.7816 
 
 
Therefore, the final shrinkage equation for the modified B3 model is:  
 
)(***),( tSktt hshosh ∞−= εβε  
 
Where,  
β   : Modification factor     
∞shε  : Ultimate shrinkage strain 
hk  : Cross section shape factor 
( )tS  : Time function for shrinkage 
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After the modification factor (β) is applied to B3 model, the shrinkage strains 
predicted by the modified model is again compared to the experimental values.  
Figure 4.44 through 4.46 show the comparison between the values.  The figures 
show that the predicted values are now very close to the experimental values, which 
most of their values are falling within the 95 per cent confidence of the experimental 
values. 
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Figure 4.44  Shrinkage for experimental and Modified B3 for specimen G20  
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Figure 4.45  Shrinkage for experimental and Modified B3 for specimen G30  
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Figure 4.46 Shrinkage for experimental and Modified B3 for specimen G40 
 
 
In order to evaluate whether the modified B3 model is better than the original 
B3 model in predicting shrinkage strains for Malaysia concrete, the Residual Squared 
and Error Percentage analysis are conducted.  The values of residual squared for 
modified and original model are presented in Figure 4.47 whereas the values of error 
percentage are shown in Figure 4.48.  The two analyses indicate that the lower the 
values, the better the model is.  As both figures show that the values of modified B3 
are lower than the original B3 model, thus better.  In addition, it can also observed in 
Figure 4.49 that the range of error reduces significant for all the concrete grade 
except G20 at the age of 28 days when using the modified B3 model to predict 
shrinkage strains for Malaysian concrete. 
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Figure 4.47 Comparison of Residuals squared for B3 and modified B3 
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Figure 4.48  Comparison of Error Percentage for B3 and modified B3 
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Figure 4.49  Comparison of range of error for B3 and modified B3 model 
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CHAPTER 5 
 
 
 
 
DISCUSSIONS 
 
 
 
 
5.1 Experimental Results 
 
 
From the results presented, creep and shrinkage are both reduced as concrete 
strength increases.  This pattern can be explained as higher strength concrete has 
lower water-cement ratio in the mix designed. Thus results in fewer pores in the 
mature cement, which increases the rigidity of the solid matrix and decrease 
deformation (Townsend, 2003).  Townsend (2003) noted that higher aggregate 
content leads to lower shrinkage.  Referring to the concrete properties of the tested 
specimens, G20 has highest aggregate content, followed by G30 and G40.  In fact, 
the shrinkage is not solely affected by single factor but a combination of factors and 
the results can be offset by another.  Thus, it can be observed in Figure 4.7 that the 
shrinkage strains for G30 are higher than G20 in the first 100 days. 
 
 
 
 
5.2 Comparison of Experimental and Prediction Strains 
 
 
There are six prediction models that have been considered in this study.  The 
models include Eurocode 2 (EC2), ACI 209 model (developed by American 
Concrete Institute), CEB-FIP 90 model (developed by Euro-International Concrete 
Committee and International Federation for Prestressing), B3 model (developed by 
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Z. P. Bazant and S. Baweja), GL2000 model (developed by N. J. Gardner and M. J. 
Lockman) and Australian Standard code model (AS3600).  British Standard Code 
(BS8110) model was not considered in this study because it provides only final (30 
year) creep coefficient and shrinkage. 
 
 
Based on literature review, ACI209, CEB-FIP 90, B3 and GL2000 models 
are the most famous prediction models which had been included in research works 
and references in predicting creep and shrinkage of concrete.  Therefore, local 
engineers tend to use these models in predicting the deformation strains for 
Malaysian concrete.  EC2 model is included in this study because with the 
impending withdrawal of BS8110 by year 2008, EC2 is foreseen to be adopted as a 
new design guideline for Malaysia construction industry.  The Local National Annex 
provided by EC2 gives an opportunity for Malaysia to draft our own values for better 
prediction of time-dependent deformation of local concrete.  AS3600 model is 
considered because its prediction has catered for tropical and near coastal 
environment, which Malaysia climate falls into this category. 
 
 
Based on comparisons methods which have been done graphically and by 
residual analysis, the finding shows that none of the prediction model is the best to 
predict either creep or shrinkage for the entire concrete grade.  They are either 
overpredicting or underpredicting.  Creep and shrinkage are influenced by various 
factors such as aggregate content, type of aggregate, water/cement ratio, type of 
cement, shape and size of specimens, curing and storage conditions, relative 
humidity of surrounding, temperature, concrete strength, fineness of cement and age 
of concrete (Neville, 1981). Nonetheless, all the creep and shrinkage prediction 
models examined in this study are developed by empirical approach, in which time 
functions are determined by curve fitting of test results. Therefore, it is deemed to 
have different values due to local constituent materials and environment condition.  
Even though these prediction models have provided correction factors to enable input 
from local material and environment condition, it is yet limited thus difficult to give 
accurate prediction. For example, CEB-FIP 90 model and EC2 model allow only 
correction factors for relative humidity, age of concrete at loading, size of specimen, 
 72
concrete strength and type of cement in their creep coefficient equation whereas 
other influencing factors are not included.  The correction factors provided in each 
prediction model are summarized in Table 2.5 (refer to Pg.23) and Table 2.6 (refer to 
Pg 24) for creep coefficient and shrinkage prediction, respectively.  It can be 
observed that none of the prediction models have considered all the influencing 
factors.  Due to this limitation, local engineers are unable to predict creep and 
shrinkage with confidence.   
 
 
 
 
5.3 Ranking of Prediction Models 
 
 
Among the six models, AS3600 model is found to be the best creep 
coefficient prediction model for Malaysian concrete.  It may due to the fact that it has 
catered for tropical and near coastal environment. Nevertheless, the application of 
AS3600 model is depending on graph interpreting and the accuracy of the predicted 
values is depending on how accurate we read the graph. In addition, it does not 
provide any correction factors for local materials and environment.  Hence, the 
predicted values are questionable.  Consequently, CEB-FIP 90 model which is 
second best is preferred than AS3600 model and selected to be applied for Malaysian 
concrete. 
 
On the other hand, B3 was found to be the best shrinkage prediction model 
for Malaysian concrete.  From Table 2.6 (refer to Pg.23), it can be observed that B3 
model has taken into consideration more correction factors in its equation compared 
to other models.  This might be the reason why it appears to be the best model for 
shrinkage prediction.  However, it is not the best prediction model for creep 
coefficient may due to the fact that it includes basic creep compliance in the total 
creep compliance equation.  As a result, the creep coefficient calculated is relatively 
high compared to experimental values and other prediction models.  ACI209 model 
is also not the best prediction model for creep coefficient even though it has 
considered the most correction in its equation.  This might due to the fact that it does 
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not include compressive strength of the concrete mixture.  According to Vincent 
(2004), creep and shrinkage behavior depends heavily on the compressive strength of 
a concrete mixture. Therefore, for a prediction model to predict creep and shrinkage 
strains accurately, it should include compressive strength as an important input 
parameter.  
 
 
 
 
5.4 Modification of Prediction Model 
 
 
CEB-FIP 90 and B3 models although appear to be the best model in 
predicting creep and shrinkage for Malaysian concrete, yet still containing large 
error.  The error percentages are clearly shown in Table 5.1 and 5.2 for CEB-FIP 90 
and B3 model, respectively.  Referring to Table 5.1 and 5.2, the largest error 
percentage is 40.51% for CEB-FIP 90 in predicting creep coefficient and 53.17% for 
B3 in predicting creep shrinkage strains for Malaysian concrete. In order to reduce 
the range of error and providing a better prediction of creep and shrinkage for 
Malaysian concrete, a modification factor, α is proposed for CEB-FIP 90 Model and 
β for B3 Model.  The modification factor was developed by correlation method.  By 
this method, the predicted values were plotted against experimental values. The 
modification factor was taken as the slope of the straight line fitting the data points.  
 
 
The ranges of error provided by CEB-FIP 90 Model, modified CEB-FIP 90 
Model, modified B3 Model and B3 Model are summarized in Table 5.1 and 5.2. It 
can be observed that the range of error for the modified models reduced significantly, 
except for G30 loaded at 28 days for shrinkage prediction.  However, the summation 
of residual squared for the modified B3 Model is lesser than B3 Model. Thus it is 
considered still better than B3 Model. The range of error for the modified CEB-FIP 
90 Model and modified B3 model is acceptable because the Australian Standard 
Code also allows a range of ±30% for its creep coefficient prediction.  The range of 
error shown in Table 10 is less than 24%, thus considered acceptable.    
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Table 5.1  Summary of range of error for CEB-FIP 90 and Modified CEB-FIP 90 
range ( ± ) 
Age at 
loading 
Concrete Grade
Modified 
CEB-FIP 
90 
CEB-FIP 
90 
% 
reduced 
G20 2.37 16.39 85.54 
G30 2.53 4.24 40.40 7 days 
G40 3.59 19.23 81.30 
G20 5.05 40.51 87.54 
G30 12.18 19.53 37.65 28 days 
G40 20.06 24.84 19.25 
 
 
Table 5.2  Summary of range of error for B3 and Modified B3 
    range ( ± ) Age at 
loading Concrete Grade modified B3 B3 % reduced 
G20 20.06 24.84 19.25 
G30 10.52 18.04 41.68 7 days 
G40 13.04 19.75 33.95 
G20 23.98 15.77 -52.04 
G30 17.88 22.66 21.09 28 days G40 19.72 53.17 62.91 
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CHAPTER 6 
 
 
 
 
CONCLUSIONS AND RECOMMENDATIONS 
 
 
 
 
6.1 Conclusions 
 
 
Based on the study, the following conclusions are drawn: 
 
 
1) Creep and shrinkage of concrete decreases as the concrete strength increases.  
However, they are not solely affected by a single factor but a combination of 
intrinsic and extrinsic factors. 
 
2) Residuals Analysis shows that none of the prediction model is the best to 
predict either creep or shrinkage for the entire concrete grade. They are either 
overpredicting or underpredicting. 
 
3) Through Residuals Squared and Error Percentage Analysis, AS3600 Model 
was found to be the best prediction model for creep whereas B3 Model was 
the best prediction model for shrinkage for Malaysians concrete. However 
CEB-FIP 90 Model (second best) was selected for creep prediction because 
the accuracy of AS3600 Model depends on how accurate we read the graphs.  
Thus the accuracy is questionable. 
 
4) The error calculated by using CEB-FIP 90 in prediction of creep coefficient is 
within the range of 40.51%.  On the other hand, the error is within the range 
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of 53% for B3 model in predicting shrinkage strains.  These errors are 
relatively large. 
 
5) Modification factors were proposed to CEB-FIP 90 Model and B3 Model in 
order to have better prediction of creep and shrinkage for Malaysian concrete.  
Consequently, the range of error was reduced significantly. 
 
6) The error calculated for modified CEB-FIP 90 in creep coefficient prediction 
is within the range of 20% whilst 24% for the modified B3 models in 
shrinkage prediction.  They are at least reduced by 19.25% for the entire 
concrete grade. 
 
7) The range of error for the modified CEB-FIP 90 and modified B3 models is 
acceptable because the Australian Standard Code also allows a range of 30% 
for its creep coefficient prediction. 
 
 
 
 
6.2 Recommendations 
 
 
1) In future research works, it is suggested that more batches of different mix 
should be tested to enhance the verification of results. 
 
2) Further examination of CEB-FIP 90 Model and B3 Model should be 
conducted with specimens of various strength, size, type and size of 
aggregate, type of cement, relative humidity and temperature. 
 
3) Further study is needed to reduce the error of CEB-FIP 90 Model and B3 
Model.  
 
 
 
 77
REFERENCES 
 
 
 
 
ACI Committee 214 (1977).  Recommended Practice for Evaluation of Strength Test 
Results of Concrete.  ACI 214-77, American Concrete Institute, Detroit.  Pg.7. 
 
ACI Committee 209 (1990).  Prediction of creep, shrinkage and temperature effects 
in concrete structures.  Manual of Concrete Practice, Part 1, 209R-92. 
 
ACI Committee 209 Report No.209R-92 (1992).  Prediction of Creep, Shrinkage 
and Temperature Effects in Concrete Structures.  American Concrete Institute, 
Detroit. 
 
Bazant, Z.P. and Wittmann, F.H. (1982).  Creep and Shrinkage in Concrete 
Structures.  John Willey & Sons Ltd. 
 
Bazant, Z.P. (1988).  Mathematical Modelling of Creep and Shrinkage of Concrete.  
John Willey & Sons Ltd. 
 
Bazant, Z.P. and Baweja, S. (1995).  Creep and Shrinkage Prediction Model for 
Analysis and Design of Concrete Structures-Model B3.  RILEM 
Recommendation, Materials and Structures, v.28, pp.357-365. 
 
Bazant, Z.P and Baweja, S. (2000).  Creep and Shrinkage Prediction Model for 
Analysis and Design of Concrete Structures:Model B3.  American Concrete 
Institute, Farmington Hills, Michigan. 
 
British Standards Institution (1985). ‘Structural Use of Concrete’. London: BS8110.  
 
Committee BD-002 (2001).  Australian Standard: Concrete Structures.  Australia, 
AS3600-2001. 
 
 78
European Committee for Standardization (2002).  Eurocode 2: Design of concrete 
structures – Part 1: General rules and rules for buildings.  Brussels. prEN 1992-
1-1. 
 
Huo, X.S., Al-Omaishi, N. and Tadros, M.K. (2001).  Creep, Shrinkage, Modulus of 
Elasticity of High Performance Concrete.  ACI Materials Journal, v.98, n.6, 
November-December. 
 
MacGregor, James G. (1997).  Reinforced Concrete: Mechanics and Design.  3rd ed.  
Prentice Hall. 
 
Mindess, Sidney and Young, J. Francis. (1981).  Concrete.  Englewood Cliffs, N.J.: 
Prentice-Hall 
 
Mokarem, D.W. (2002).  Development of Concrete Shrinkage Performance.  
Virginia Polytechnic Institute: Doctor of Philosophy Thesis in Civil and 
Environmental Engineering,  
 
Neville, A.M. (1970).  Creep of Concrete: Plain, Reinforced and Prestressed.  
Netherlands: North-Holland Publishing Company-Amsterdam. 
 
Neville, A.M. (1975).  Properties of Concrete.  Pitman Publishing Ltd. 
 
Neville, A.M. (1981).  Properties of Concrete.  3rd ed.  England: Longman Group 
UK Ltd. 
 
Neville, A.M. and Brooks, J.J. (1990).  Concrete Technology.  England: Longman 
Group UK Ltd. 
 
Neville, A.M., Dilger, W.H. and Brooks, J.J. (1983).  Creep of plain and structural 
concrete.  United State of America: Longman Inc., New York. 
 
Omar, W. and Tan, P.L. (2002).  Concrete creep and shrinkage research in 
Malaysia.   ACI-KL Chapter Newsletter, No.2 
 
 79
Omar, W., Tan, P.L. and Roslina,O. (2006).  A Study On Creep and Shrinkage 
Deformation of Malaysia Concrete.  UTM. Unpublished. 
 
Orchard, D.F. (1973).  Concrete Technology Volume 1 Properties of Materials.  
London: Applied Science Publishers Ltd. 
 
Smadi, Mohammad M., Salte, Floyd O., Nilson and Athur H. (1987).  Shrinkage and 
creep of High, Medium and Low Strength Concretes, Including Overloads.   ACI 
Materials Journal, vol.84. May-June. 
 
Smerda, Zdenek and Kristek, Vladimir (1988).  Creep and Shrinkage of Concrete 
Elements and Structures.  New York: Elsevier Science Publishing Company. 
 
Tadros, et al. (2002).  Prestress Loss in Pretensioned High Strength Concrete Bridge 
Girders.  Final Report. 
 
Townsend, B.D. (2003).  Creep and Shrinkage of a High Strength Concrete Mixture.  
Virginia Polytechnic Institute: Master of Science Thesis in Civil Engineering. 
 
Vincent, Edward C., (2003).  Compressive Creep of a Lightweight, High Strength 
Concrete Mixture.  Virginia Polytechnic Institute: Master of Science Thesis in 
Civil Engineering. 
 
Wittmann, F.H. (1982).  Fundamental Research on Creep and Shrinkage of concrete. 
Hague: Martinus Nijhoff Publishers  
 
 
 
 
 
 
 
 
 
 80
APPENDIX A 
 
 
 
 
Prediction Model Nomenclature and Equation 
 
 
EC2 Code Model 
 
 
Nomenclature 
 
cE     = Tangent modulus 
mcE    = Secant modulus of elasticity of concrete  
( )occ t,∞ε  = Creep deformation of concrete at time = ∞ for a constant    
                            compressive stress σc applied at the age to
ccε    = Creep deformation of concrete 
ϕ      = Creep coefficient 
( )ok t,∞ϕ   = Non-linear notional creep coefficient 
cσ    = Concrete compressive stress 
σk  = Stress-strength ratio of ( )ocmc tf/σ  
( )ocm tf  = Mean concrete compressive strength at the time of loading 
cmf    = Mean compressive strength concrete in MPa at the age of 28 days 
cmof   = 10 Mpad  
oϕ     = Notional creep coefficient 
RHϕ    = Factor to allow for the effect of relative humidity on the notional    
                            creep  coefficient      
RH    = Ambient relative humidity (%) 
0RH   =100% 
( )cmfβ   = Factor to allow for the effect of concrete strength on the notional   
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                           creep coefficient 
( )otβ        = Factor to allow for the effect of concrete age at loading on the       
                           notional creep coefficient 
oh            = Notional size of the member (mm) 
cA             = Cross-sectional area 
u               = Perimeter of the member in contact with the atmosphere 
( )oc tt,β    = Coefficient to describe the development of creep with time after  
                           loading 
t   = Age of concrete in days at the moment considered 
ot   = Age of concrete at loading in days 
ott −   = Non-adjusted duration of loading in days 
st   = Age of concrete (days) at the beginning of drying shrinkage 
Hβ   = Coefficient depending on the relative humidity (RH in %) and      
                            notional member size (ho in mm) 
3/2/1α   = Coefficients to consider the influence of the concrete strength 
α   = Power which depends on type of cement 
Tot ,   = Temperature adjusted age of concrete at loading in days 
tT  = Temperature adjusted concrete age which replaces t in the  
                           corresponding equations  
( )itT Δ   = Temperature in oC during the time period itΔ  
itΔ   = Number of days where a temperature T prevails. 
csε    = Total shrinkage strain 
cdε    = Drying shrinkage strain 
caε     = Autogenous shrinkage strain 
hk    = Coefficient depending on the notional size  oh
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EC2 Model Equations 
 
 
Creep Strain 
 
( ) ( )( )ccoocc Ett /.,, σϕε ∞=∞  
cmc EE 05.1=  
When the compressive stress of concrete at an age to exceed the value 0.45fck(to) then 
creep non-linearity should be considered.  In such cases the non-linear notional creep 
coefficient should be obtained as follow: 
( ) ( ) (( )45.05.1exp,, )−∞=∞ σϕϕ ktt ook  
 
Creep coefficient: 
 
( ) ( )ocoo tttt ,, βϕϕ ⋅=  
( ) ( ocmRHo tf )ββϕϕ ⋅⋅=  
31.0
100/11
o
RH h
RH
⋅
−+=ϕ            For MPAfcm 35≤  
131.0
100/11 αϕ ⋅⋅
−+=
o
RH h
RH  For  MPAfcm 35≥
( )
cm
cm f
f 8.16=β  
( ) ( )20.01.0 1 oo tt +=β  
u
A
h co
2=  
( ) ( )
3.0
, ⎥⎦
⎤⎢⎣
⎡
−+
−=
oH
o
oc tt
tttt ββ  
[ ] 1500250012.015.1 18 ≤++= oH hRHβ   For 35≤cmf  
[ ] 3318 1500250012.015.1 ααβ ≤++= oH hRH  For  35≥cmf
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7.0
1
35
⎟⎟⎠
⎞
⎜⎜⎝
⎛=
cmf
α             
2.0
2
35
⎟⎟⎠
⎞
⎜⎜⎝
⎛=
cmf
α             
5.0
3
35
⎟⎟⎠
⎞
⎜⎜⎝
⎛=
cmf
α   
The effect of type of cement may be taken into account by modifying the age of 
loading  ot
5.01
2
9
2.1
,
, ≥⎟⎟⎠
⎞
⎜⎜⎝
⎛ ++⋅=
α
To
Too t
tt  
α  = -1 for cement class S 
 = 0 for cement class N 
 = 1 for cement class R 
  
The effect of elevated or reduced temperatures within the range 0-80oC on the 
maturity of concrete 
( )[ ]( )
i
n
i
tT
T tet i Δ⋅= ∑
=
−Δ+−
1
65.13273/4000  
 
 
Shrinkage Strain 
 
cacdcs εεε +=  
 
The development of the drying shrinkage strain in time follows from: 
0,),()( cdhsdscd kttt εβε ⋅⋅=   
 
 
Values of  hk
oh  hk  
100 1.0 
200 0.85 
300 0.75 
500≥  0.70 
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3
004.0)(
)(
),(
htt
tttt
s
s
sds +−
−=β  
RH
cmo
cm
dsdscd f
f βααε ⋅⋅⎥⎦
⎤⎢⎣
⎡
⎟⎟⎠
⎞
⎜⎜⎝
⎛−⋅⋅+= −⋅ 6210, 10exp)110220(85.0  
⎥⎥⎦
⎤
⎢⎢⎣
⎡
⎟⎟⎠
⎞
⎜⎜⎝
⎛−=
3
155.1
o
RH RH
RHβ  
1dsα   = 3 for cement Class S 
  = 4 for cement Class N 
  = 6 for cement Class R 
2dsα   = 0.13 for cement Class S 
  = 0.12 for cement Class N 
  = 0.11 for cement Class R 
0RH  = 100% 
 
The autogeneous shrinkage strain: 
)()()( ∞= caasca tt εβε  
610)10(5.2)( −−=∞ ckca fε  
)2.0exp(1)( 5.0ttas −−=β  
 
 
 
 
 
 
 
 
 
 
 
 
 
 85
ACI 209R-92 Model 
 
 
Nomenclature 
 
Cc(t) = Creep coefficient at time t 
t = Time after loading (days) 
Ecmto = Modulus of elasticity at age of loading 
ε(t) = Total strain; instantaneous plus creep and shrinkage 
εs(t) = Shrinkage strain (in/in) 
f’c(to) = Mean 28 day compressive strength at age of loading (psi) 
f’c28 = Mean 28 day compressive strength (psi) 
to = Age of concrete loading (days) 
γ = Unit weight of concrete (Ibs/ft3) 
ts = Time after the beginning of shrinkage (days) 
Kss = Shape and size correction factor for shrinkage 
KSH = Relative humidity correction factor for shrinkage 
εshu = Ultimate shrinkage strain (in./in.) 
Ccu = Ultimate creep coefficient 
KCH = Relative humidity correction factor for creep 
KCA = Age at loading correction factor 
KCS = Shape and size correction factor for creep 
H = Relative humidity (%) 
V/S = Volume to surface area ratio (in.) 
σ = Applied stress (psi) 
γsc = Creep correction factor for slump 
s = Slump (in) 
γac = Creep coefficient factor for fine aggregate percentage 
γas = Shrinkage correction factor for the fine aggregate percentage 
ψ = Fine aggregate percentage (%) 
γαc = Creep correction factor for air content 
γαs = Shrinkage correction factor for air content 
α = Air content (%) 
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ACI 209 Equations 
 
 
Creep compliance function 
 
Compliance function ( )
cmto
c
E
tC
psi
)(1
/
+=με  
 
Total Strain 
( ) ( ) ( )( )tC
E
tt c
cmto
s ++= 1*σεε  
 
Compressive Strength 
 
( ) ⎥⎦
⎤⎢⎣
⎡
+= o
o
coc tcb
tftf
*
*'' )28(  
 
Values of b and c 
Type of Cement 
Moist Cured 
Concrete 
Steam Cured 
Concrete 
I b = 4.0 c = 0.85 b = 1.0 c = 0.95 
III b = 2.3 c = 0.92 b = 0.7 c = 0.98 
 
Note: Estimate not needed.  The experimental f’c(to) was used.  
 
Modulus of Elasticity 
 
( ) ( )occmto tfE '*33 2/3γ=  
Note: Estimate not needed.  The experimental Ecmto was used.  
 
Creep strain 
 
Creep strain ( )tC
E ccmto
*σ=  
 87
( ) cacscCSCACHcuc KKKCt
ttC αγγγ *******10 6.0
6.0
+=  
35.2=cuC  
HKCH *0067.027.1 −=  
( )[ ]SVCS eK /*54.0*13.11*32 −+=  
Value of KCA
Moist Cured Concrete Steam Cured Concrete 
t,to ≥ 7 days, H ≥ 40% t,to ≥ 1 to 3 days, H ≥ 40% 
KCA = 1.25 (to)-0.118 KCA = 1.13 (to)-0.095
 
γsc = 0.82 + 0.067s 
γac = 0.88 + 0.0024ψ 
γαc = 0.46 + 0.09α 
 
Shrinkage strain 
 
( ) shusasssSHss
s
s
s KKtb
t
t εγγγε α ******+=  
( )SVeKss /*12.02.1 −=  
sss 041.089.0 +=γ  
For fine aggregate percentage ≤ 50% 
ψγ 014.030.0 +=as  
For fine aggregate percentage > 50% 
ψγ 002.090.0 +=as  
αγα 008.095.0 +=s  
ininxshu /10780
6−=ε  
Values of b and KSH
Humidity 
Moist Cured 
Concrete Steam Cured Concrete 
b = 35     t ≥ 7 days b = 55     t ≥ 1 to 3 days 
40% ≤ H ≤ 80% 
KSH = 1.4 - 0.01H KSH = 1.4 - 0.01H 
b = 35     t ≥ 7 days b = 55     t ≥ 1 to 3 days 
80% ≤ H ≤100% 
KSH = 3 - 0.03H KSH = 3 - 0.03H 
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CEB-FIP 90 Model 
 
 
Nomenclature 
 
Ø(t,to) = Creep coefficient defining creep between time t and to 
Ec = Modulus of elasticity at 28 days (N/mm2) 
Ec(to) = Modulus of elasticity at age of loading (N/mm2) 
ε(t) = Total strain; instantaneous plus creep and shrinkage (mm/mm) 
εcs(t-ts) = Shrinkage strain between time t and ts (mm/mm) 
t = Age of concrete after casting (days) 
ts = Age of concrete at the beginning of shrinkage 
fcm = Mean 28 day concrete compressive strength (N/mm2) 
fck = Characteristic compressive strength with 95% confidence (N/mm2) 
to = Age of concrete at loading (days) 
Øo = Notional creep coefficient 
βc(t-to) = Coefficient describing creep development with time after loading 
ØRH = Factor to allow for relative humidity on the notional creep 
coefficient            (Øo) 
β(fcm) = Factor to allow for effect of concrete strength on the notional creep 
    coefficient (Øo) 
β(to) = Factor to allow for the effect of age of concrete at loading on the      
                           notional creep coefficient (Øo) 
RH = Relative humidity (%) 
Ac = Cross-section area of member (mm2) 
u = Perimeter of member in contact with the atmosphere (mm) 
ho = 2Ac/u = Notional size of member (mm) 
βH = Coefficient to allow for the effect of relative humidity and the     
                            notional member size (ho) on creep 
εcso = Notional shrinkage coefficient 
βs(t-ts) = Equation describing development in shrinkage with time 
εc(fcm) = Factor to allow for the effect of concrete strength on shrinkage 
βRH = Coefficient to allow for the effect of relative humidity on the     
                            notional shrinkage coefficient 
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βsc = Coefficient depending on type of cement 
βs = Coefficient to describe the development of shrinkage with time 
σ = Applied stress (N/mm2) 
α = Coefficient for cement type 
to,T = Temperature adjusted age of concrete at loading (days) 
∆ti = Number of days at temperature T 
T(∆ti) = Temperature during time period ∆ti (oC) 
n = number of time intervals considered 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 90
CEB-FIP 90 Model Code Equations  
 
 
Total Strain 
 
( ) ( ) ( ) ( ) σ
φεε ⎥⎦
⎤⎢⎣
⎡ ++−=
occ
o
scs tEE
tt
ttt 1
,
 
 
Mean Concrete Strength 
 
2/8 mmNff ckcm +=  
Note:  Estimate not needed.  The experimental f’c28 was used. 
 
Modulus of Elasticity at Age t 
 
310000 cmc fE =  
( ) ⎥⎥⎦
⎤
⎢⎢⎣
⎡
⎟⎟⎠
⎞
⎜⎜⎝
⎛ −
= t
S
coc eEtE
281
2)(  
 
  0.28, slow hardeneing cement  
S = 0.25, normal and rapid hardening cement 
  0.20, rapid hardening high strength 
 
Note:  Estimate not needed.  The experimental Ec and Ec(to) was used. 
 
Creep Compliance Function 
 
Compliance function [ ] ( )
)(
1,/
occ
o
tEE
tt
psi += φμε  
( ) ( ) ( ocoo tttt −= )βφφ *,  
( ) ( ocmRHo tf )ββφφ **=  
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3*1.0
100
1
1
o
RH h
RH ⎟⎠
⎞⎜⎝
⎛ −
+=φ  
( )
cm
cm f
f 8.16=β  
( ) ( )2.01.0 1 oo tt +=β  
( ) ( )( ) 3.0
3.0
oH
o
oc tt
tt
tt −+
−=− ββ  
( )[ ]( ) dayshRH oH 1500250012.01*5.1 18 ≤+++=β  
 
The effect of cement type can be modified for the creep coefficient by modifying the 
age at loading; 
( ) daysttt ToToo 5.012
9* 2.1
,
, ≥⎥⎥⎦
⎤
⎢⎢⎣
⎡ ++=
α
 
( )∑
=
⎥⎦
⎤⎢⎣
⎡ −Δ+−Δ=
n
i
T
iTo
iett
1
65.13
273
4000
, *  
 
Values of α 
Cement Type α 
SL -1 
N,R 0 
RS 1 
 
 
Shrinkage Strain 
 
( ) ( )sscsoscs tttt −=− βεε *  
( ) ( RHcmscso f )βεε *=  
( ) ( )[ ] 610*90160 −−+= cmsccms ff βε  
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Values of βsc
Type of Cement βsc
Slow hardening (SL) 4 
Normal and rapid hardening (N,R) 5 
Rapid hardening high strength (RS) 8 
Humidity βRH 
40% ≤ RH ≤ 99%, stored in air -1.55 x βsRH 
 RH ≥ 99%, immersed in water 0.25 
 
3
100
1 ⎟⎠
⎞⎜⎝
⎛−= RHRHβ  
( ) ( )( )[ ]so sss tth
tt
tt −+
−=− 2*035.0β  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 93
B3 Model 
 
 
Nomenclature 
 
 
J(t,t’) = Creep compliance function; creep plus elastic (always x 10-6/psi) 
α = Thermal expansion coefficient 
∆T(t) = Tmperature change from reference at time t 
Co(t,t’) = Compliance function for basic creep 
Cd(t,t’,to) = Compliance function for addition creep due to drying 
ε(t) = Total strain; instantaneous plus creep and drying (in/in) 
εsh(t) = Shrinkage strain (in.in.) 
f’c = mean 28 day concrete compressive strength (psi) 
fck = Specified concrete compressive strength at 28 days (psi) 
E28 = Modulus of elasticity at 28 days (psi) 
q1 = Instantaneous strain due to unit stress 
q2 = Aging Visco-elastic compliance 
q3 = Non-aging visco-elastic compliance 
q4 = Flow compliance 
q5 = Creep at drying 
t = Age of concrete after casting 
t’ = Age of concrete at loading (days) 
to = Age of concrete at the beginning of shrinkage (days) 
c = Cement content of concrete (Ibs/ft3) 
w/c = Water to cement ratio by weight 
a/c = Aggregate to cement ratio by weight 
H(t) = Spatial average of pore relative humidity within cross section 
S(t) = Time function for shrinkage 
εsh∞ = Ultimate shrinkage strain (negative, always x10-6 in./in.) 
w = Water content of concrete (Ibs/ft3) 
h = Relative humidity (decimal) 
τsh = Shrinkage half time (days) 
ks = cross section shape factor 
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V/S = Volume to surface area ratio (in.) 
D = 2(V/S) = Effective cross section thickness (in.) 
Kh = Humidity function for shrinkage 
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B3 Model Equations 
 
 
Creep Compliance Function 
 
[ ] ( ) ( )odo tttCttCqpsittJ ,',',1/)',( ++=με  
 
Total Strain 
 
( ) TtttJt sh Δ++= αεσε )()',(  
Note:  Assume specimens are in thermal equilibrium with room at time of loading. 
 
Mean Compressive Strength  
 
1200' += ckc ff  
Note:  Estimate not needed.  The experimental f’c was used. 
 
Elastic Strain and Modulus of Elasticity 
 
28
610*6.01
E
q =  
( ) 2/128 '57000 cfE =  
Note:  Estimate not needed.  The experimental E28 was used.  
 
Basic Creep Compliance 
 
)'/ln(*4)'(1ln(*3)',(2)',( ttqttqttQqttC no +−+++=  
[ ]
( )[ ]
)'(
1
)'(
)'(
',
)'(
1*)'()',(
tr
tr
tr
f
f ttZ
tQ
tQttQ
−
⎥⎥⎦
⎤
⎢⎢⎣
⎡ +=  
[ ] 19/49/2 )'(*21.1)'(*086.0)'( −+= tttQ f  
nm tttttZ )'(1ln(*)'()',( −+= −  
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m = 0.5 
n = 0.1 
8)'(*7.1)'( 12.0 += ttr  
( ) ( ) 9.0'5.0 **1.4512 −= cfcq  
( ) 2*/*29.03 4 qcwq =  
7.0)/(*14.04 −= caq  
 
Drying Creep Compliance 
 
{ } { }[ ] 2/1)'(*8exp)(*8exp5),',( tHtHqtttC od −−−=  
)(*)1(1)( tShtH −−=  
)'(*)1(1)'( tShtH −−=  
6.015 )(*)'(*1057.55 −∞
−= shcfxq ε  
sh
otttS τ
−= tanh)(  
sh
otttS τ
−= 'tanh)'(  
2)*( DKK stsh =τ  
25.008.0 )'()(8.190 −−= cot ftk  
 
Values of ks
Type of Member or Structure ks
Infinite slab 1.00 
Infinite Cylinder 1.15 
Infinite squared prism 1.25 
Sphere 1.30 
Cube 1.55 
Undefined member 1.00 
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Shrinkage Strain 
 
)(**),( tSktt hshosh ∞−= εε  
628.01.2
21 10)270)'()(26(
−−
∞ += xfw csh ααε  
sh
otttS τ
−= tanh)(  
Values of α1
Type of Cement α1
I 1.00 
II 0.85 
III 1.10 
 
Values of α2
Type of Curing α2
Steam cured 0.75 
water cured or h = 100% 1.00 
Sealed during curing 1.20 
 
Values of kh
Relative Humidity kh
for h ≤ 0.98 1-h3
for h = 1 -0.2 
for 0.98 ≤ h ≤ 1 use linear interpolation 
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GL2000 Model 
 
 
Nomenclature 
 
fcm28 = Mean 28 day concrete compressive strength (psi) 
fck28 = Specified 28 day concrete compressive strength (psi) 
to = Age of concrete at loading (days) 
K = Correction term for effect for cement type on shrinkage 
Ecmt = Mean modulus of elasticity at age t (psi) 
Ecmto = Modulus of elasticity at loading (psi) 
fcmt = Mean concrete compressive strength at age t (psi) 
fcmto = Mean concrete compressive strength at loading (psi) 
fcm28(cal) = Compressive strength back calculated from the 28 day modulus of   
                           elasticity (psi) 
fcm28(average) = Compressive strength from the average of fcm28 and fcm28(cal)
Ecm28 = Mean modulus of elasticity at 28 days (psi) 
Ecm28(average) = calculated modulus of elasticity from fcm28(average)
Ø(tc) = Correction term for effect of drying before loading 
Ø28 = Creep coefficient 
J(t,to) = Creep compliance; creep plus elastic (psi-1) 
h = Relative humidity (decimal) 
t = Age of concrete after casting (days) 
tc = Age of concrete at the beginning of shrinkage (days) 
V/S = Volume to surface area ratio 
εsh = Shrinkage strain (in./in.) 
εshu = Ultimate shrinkage strain (in./in.) 
β(h) = Correction term for effect of humidity on shrinkage 
β(t) = Correction term for effect of time on shrinkage 
fcmtc = Mean concrete compressive strength at the beginning of shrinkage 
ε(t) = Total strain; instantaneous plus creep and shrinkage (in./in.) 
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GL2000 Model Equations 
 
 
Mean Compressive Strength 
 
700*1.1 2828 += ckcm ff    (in psi) 
Note:  Only use experimental mean compressive strength is not available. 
 
Mean Compressive Strength Based on Time 
 
4/3
4/3
28 ))(( tba
tff cmcmt +=   (in MPa) 
Note:  Only use if the experimental mean compressive strength at loading is not    
           available. 
 
Values of a, b and k 
Cement Type a b k 
I 2.8 0.77 1.00 
II 3.4 0.72 0.70 
III 1 0.92 1.15 
 
Modulus of Elasticity 
 
cmtcmt fE *000,52000,500 +=    (in psi) 
Note:  Only use if the experimental modulus is not available. 
 
Mean Compressive Strength from Modulus of Elasticity and Experimental Data 
 
To adjust for aggregate stiffness, adjust the mean compressive strength with the back 
calculated modulus of elasticity. 
 
Use the experimental Ecm28 back calculated for fcm28 to get fcm28(calc).  then average it 
with experimental fcm28 and get the fcm28(average).  The Ecm28(average) can also be 
calculated.  
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2828 *000,52000,500 cmcm fE +=  
2
)(2828
)(
calccmcm
averagecm
ff
f
+=  
)(28)(28 *000,52000,500 averagecmaveragecm fE +=  
  
Creep Strain 
 
=28φ  
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( ) ⎥⎥⎦
⎤
⎢⎢⎣
⎡
⎟⎟⎠
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⎜⎜⎝
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⎜⎜⎝
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⎜⎜⎝
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⎜⎜⎝
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3.0
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)086.11(5.2
7
7
14
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SVtt
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o
o
c
c
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c
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If to = tc,   
( ) 1=ctφ  
When to > tc 
( )
5.05.0
2)/(*97
1 ⎥⎥⎦
⎤
⎢⎢⎣
⎡
⎟⎟⎠
⎞
⎜⎜⎝
⎛
+−
−−=
SVtt
ttt
co
co
cφ  
 
Without experimental data 
Specific creep = 
cmtoE
28φ  
⎥⎦
⎤⎢⎣
⎡ +=
cmto
o E
ttJ 28
1
),(
φ
 
Creep strain = ⎥⎦
⎤⎢⎣
⎡
cmtoE
28*
φσ  
 
 
With experimental data 
Specific creep = 
)(28
28
averagecmE
φ
 
( )
)(28
281,
averagecmcmto
o EE
ttJ φ+=       
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Creep strain = 
)(28
28*
averagecmE
φσ       
 
 
Shrinkage Strain 
 
( ) (thshush )ββεε **=  
 
Values of β(h) 
Ambient condition β(h) 
for h < 0.96 1 - 1.18h4
for sealed specimen  h = 0.96 0 
 
( ) ⎟⎟⎠
⎞
⎜⎜⎝
⎛
+−
−= 2)/(*97 SVtt
ttt
c
cβ  
6
28
104350**1000 −⎟⎟⎠
⎞
⎜⎜⎝
⎛= x
f
K
cm
shuε  
 
Total Strain 
 
( ) ⎥⎦
⎤⎢⎣
⎡ ++=
cmto
sh E
t 28
1
*
φσεε  
If the experimental Ec28(average) and Ecmto is available then use: 
( ) ⎟⎟⎠
⎞
⎜⎜⎝
⎛ ++=
)(28
281*
averagecmcmto
sh EE
t φσεε  
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AS3600 Code Model 
 
 
Nomenclature 
 
Ecj = Modulus of elasticity of concrete at the appropriate age 
fcm = Mean value of the concrete compressive strength at the relevant age 
f’c = characteristic compressive cylinder strength of concrete at 28 days 
Øbb.c = Basic creep factor 
Øbb = Design creep factor 
εcs.b = Basic shrinkage strain 
εcs = Design shrinkage strain 
k1 = Shrinkage strain coefficient  
k2 = Creep factor coefficient 
k3 = Maturity coefficient 
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AS3600 Model Equations 
 
 
Modulus of Elasticity 
 
( ) cmcj fxE 043.05.1ρ=  
Note:  Only use if the experimental modulus is not available.  Test should be in 
accordance with AS1012.17 
 
Creep Strain 
 
bcccc kk .32 φφ =  
 
Values of Creep factor, Øcc.b
Characteristic strength (f'c), Mpa 20 25 32 40 ≥ 50 
Creep factor Øcc.b 5.2 4.2 3.4 2.5 2 
 
 
 
Creep factor coefficient (k2) for various environment 
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Strength ratio fcm/f’c
Maturity coefficient (k3) 
 
 
Shrinkage Strain 
 
bcscs k .1εε =  
6
. 10850
−= xbcsε  for normal class concrete 
 
 
Shrinkage strain coefficient k1
